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Abstract 
Water-soluble polymers are becoming increasingly important in their 
applications as stabi l izer fluids as wel l  as for enhanced oil recovery [EOR] . These 
materials also used as vi scosity builders filtration control agents, flocculent, and 
deflocculent. Polymer flooding is the most economic tertiary oil  recovery method in 
which polymer solution used to di splace oil from the porous media. The important 
function of dri l l ing fluid are to stabil ize down hole formations and prevent hole 
col lapse. Polymer chemistry ionic character, degree of charge, molecular weight and 
molecular weight distribution, and other factors play an important role in determining 
the suitabil ity and the effectiveness of such polymers. Some of the more commonly 
used polymer types are natural gums (guar, xanthan, and flaxseed), cellulose 
derivatives (carboxymethyl and hydroxy ethyl),  starches, and high molecular weight 
polyacrylamide and its co-polymers. 
In this research polyacrylamide homo and block copolymers were synthesized 
using free radical polymerization process uti l izing potassium persulfate as an initiator. 
Reaction condition and monomerlinitiator ratio were changed to produce polymers 
with varying molecular weight. The experimental procedure was changed to produce 
polymers in solution and in bulk (Gel method). Polymer characteri zation was carried 
out using Proton Nuclear Magnetic Radiation Spectroscopy (IHNMR), Fourier 
Transform InfraRed Radiation (FTIR) Spectroscopy and Thermodynamic Gravimetric 
Analysis (TGA). 
Rheological properties for the synthesized polymer products were examined 
using a Brookfield viscometer to investigate the flow properties of water soluble 
polymers under di fferent operating conditions of polymer type, concentration, and 
111 
temperature. The experimental results showed that the synthetic method is suitable to 
produce polyacrylamide with varying molecular weight in both solution and bulk 
process with acceptable yield result. 
Characterization of the rheolgical properties of various polyacrylamides with 
di fferent salt concentration and different temperatures showed a non-Newtonian shear 
thinning behaviour with strong dependency on polymer molecular weight, salt 
concentration, and temperature. 
IV 
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Chapter One 
Introduction 
1. Introduction 
Polymers are macromolecules built up by the l inking together of large numbers of 
much smaller molecules. The small molecules that combine with each other to form 
polymer molecules are termed monomers, and the reactions by which they combine 
are termed polymerizations. During the development of polymer science, two types of 
cia ification system for polymers have come to use. One classification divides 
polymers into condensation-addition polymers, and the other divides them into step­
chain grov th polymers. The condensation-addition c lassification is  primarily 
applicable to the composition or structure of polymers. The step-chain classification is 
based on the mechanism of the polymerization reactions. [I] 
1.1 Water sol u ble polymers 
Water-soluble polymers are a c lass of polymers that can either dissolve or swell in 
water and form either solution or hydrogel .  They appear in a great variety of products 
and find applications in many fields inc luding: water treatment, cosmetics, personal 
care products, pharmaceuticals, oil recovery, pulp and paper production, mineral 
processing, agriculture, etc. The manufacture of water-soluble polymers is generally 
commerc ially implemented by various processes including aqueous solution 
polymerization Inverse suspenSIOn polymerization, and I nverse emulsion 
polymerization, which are initiated by either thermal initiators or redox couple 
initiators. Each of the above processes has its associated disadvantages, however, 
which l imits its practical use in the manufacturing of the water-soluble polymers. 
Among all of the water-soluble polymers, poly(acryl ic acid) and polyacrylamide 
based water-soluble polymers are used in a wide range of products because of their 
high performance and low cost. [2] 
2 
The key to \! ater solubil ity of water-soluble polymers lies in positioning sufficient 
numbers of hydrophilic functional groups along the backbone or side chains of 
polymers. Some of the major functional groups that possess sufficient polarity, 
charge, or hydrogen bonding capabil ity for hydration are listed in Figure 1 . 1 .  
-- COOH 
--COo-M+ -- OH 
--SH 
-- 0 --
NH2 -- HN --
NHR 
WH3X-
WR3X-
Figure 1 . 1 :  Functional groups imparting water solubility. 
The above functional groups not only impart solubil ity, but also bring many useful 
properties to the polymers, such as chelating, dispersing, absorption, flocculation, 
thickening, drag reduction and etc .  to the polymers. Moreover, some of these groups 
can further react to form other kinds of functional groups. [ 3 ]  
1.2 Classificatio n  of water-soluble polymers 
Water-soluble polymers are categorized into: naturally occurring polymers 
(e.g. polypeptides, albumin, gelatin, agar, etc . ) ,  semisynthetic polymers (e.g. cellular 
ethers and starch derivatives) and synthetic water soluble polymers. Among these, 
synthetic water-soluble polymers have experience the most rapid development, and 
represent a major business with estimated world market around $6 bil l ion per year. Its 
diversity and quantity far exceeds those of the natural and semi-synthetic water-
soluble polymers and receives greater interest with the development of the 
3 
petrochemical industry. Some important examples of synthetic water-soluble 
polymers are I isted in Table 1 . 1 .  [4] 
Table 1 . 1: Common synthetic water-soluble polymers. 
onionic water- soluble 
polymers 
Anionic water- soluble 
polymers 
CH VVVV' VVVV' H2C -- CH 
I 
Polyacrylamide 
CH 
I 
OH 
Polyvinylalcohol 
VVVV' H2C-- CH VVVV' 
I 
N 
/ \�p CH2 C 
I 
CH2 -- CH2 
Polyvinylpyrrolidone 
I 
COOH 
Polyacrylic acid 
o 
I I  
P -- OVV\/\. /VVV' 
OH 
Polyphosphoric acid 
VVVV'H2C -- CHVVVV' 
I 
0 
I 
S03H 
Polystyrene sulphonic acid 
4 
Cationic water- soluble 
polymers 
CH 
I 
Polyvinylamine 
Polydimethyldiallylammonium chloride 
VVVV' H2C-- CH VVVV' 
I 0 N' 
I 
RX 
Poly4-vinyl-N-alkyl-pyridinium salts 
1.3 Properties and appl ications. 
Water-soluble polymers may be used as materials for superabsorbent, soluble 
packaging, soft contact lens etc . ,  but most applications arise from their properties in 
solution, espec ially from their abi l i ty to modify the rheology of an aqueous medium 
and to adsorb from solution onto particles or surfaces An important c lass of these are 
the acrylamide (AA)-based polymers that are widely used in these appl ication. Some 
specific classes of AA-based are also of value in oil-field operations as viscosity 
control agents for enhanced oil recovery. Paper manufacture, mining, and water­
treatment processes also benefit significantly from the flocculation capabi l ities of AA­
based polymers for controll ing suspended sol ids concentrations in aqueous 
suspensions. [ 5 ]  
1.4 Current syn thesis of water-solu ble polymers. 
The water-soluble polymers are commonly synthesized from water-soluble 
monomers, l ike : acrylic acid (AA) and its sodium salt, acrylamide (AA), hydroxyethyl 
methacrylate (HEMA) , hydroxyethyl acrylate (HEA) , vinylpyrrol idone (VP), 
quaternary ammonium salt, l ike dimethyldiallyl ammonium chloride (DMDAAC) and 
others. [6] 
Solution polymerization is commonly used in the synthesis of l inear, low 
molecular weight water-soluble polymers. Poly(acrylic acid) and its copolymers are 
widely used as water treatment agents. Polyacrylamide and its copolymer with 
DMDAAC is  used as a cationic flocculant which was synthesized in solution. [7]  
In  order to synthesize a high molecular weight poly(acrylic acid), 
polyacrylamide and their copolymers, inverse suspension/emulsion processes have to 
be used. In the solution process, the water-soluble monomers are polymerized in a 
homogenous aqueous solution in the presence of free-radical initiators, mostly redox 
5 
couples. The solution process certainly requires low operating costs, principally in the 
avoidance of materials such as organic phases and emulsifiers. As the polymerization 
a very exothermic reaction (55-95 KJ/mol), in the solution process, as the 
conversIon of the monomer and molecular weight of the polymer increases, the 
viscosity of the system increases sharply, thus makes heat removal very difficult. This 
could cause explosive polymerization, which i s  detrimental to the production, so in 
this process the monomer content in the solution must be controlled. [8] 
Linear, high molecule weight polyacrylamide-based polymers are 
commerc ially synthesized through inverse emulsion polymerization, while the 
production of l ightly cross-l inked, poly(acrylic acid)-based super absorbent polymers 
is generally manufactured by inverse suspension polymerization. In both cases, the 
aqueous monomer mixture ( i .e .  water phase) is emulsified/suspended in an aliphatic 
or aromatic hydrocarbon phase ( i .e .  oil phase), and the size of particles strongly 
depends on the chemical and physical properties of the emulsifiers or dispersing 
agents used. The existence of the oil phase overcomes some of the problems 
associated in solution process, since i t  lowers solution viscosities and can dissipate the 
heat of polymerization. Moreover, it is also attractive because it permits relatively 
higher monomer content. However, the biggest disadvantage in these processes is the 
separation and/or recycl ing of the oi l  phase after the polymerization, which drives up 
the cost and causes environmental pollution. A clean, low cost process with good 
productivity is highly desired in industry. [9- 1 0] 
1 .4 . 1  Polyacrylamide 
Water soluble acrylamide (AA)-based polymers are important in number of 
industrial  appl ications for such purposes as rheology control agents, adhesives and 
viscosity control agents for enhanced oil recovery. [ 1 1 ]  
6 
The structure of polyacrylamide is shown in figure l .2 
VVV\.f' CH2-- CH VVV\.f' 
o== C 
Figure 1 .2 :  Polyacrylamide structure. 
1.5 Appl ications of water soluble  polymers 
1 .5 . 1 Polymer flooding 
In a petroleum reservoir, oi l  is trapped in very small pores of rock. When a 
well is drilled into an oil-bearing formation, petroleum wil l  flow into the wellbore 
under energy exerted by natural water influx, expansion of gas associated with oil ,  
gravity drainage, pore expansion and other mechanisms. As production continues, the 
natural energy forcing the oil  droplets to production wel ls  gradually depletes. This 
results in reduction of the flow of oil  which ultimately stops hydrocarbon production 
if the energy source is not artificial ly supplemented. This stage of petroleum through 
natural forces of the reservoir is typically referred to as primary production. When oil 
production drops to an uneconomical level, water or gas is injected into the formation 
through injection wel ls  to force the oil into the wel lbore of producing wells .  This 
stage of production is generally referred to as secondary recovery. In a typical 
reservoir, combined productions from primary and secondary processes are expected 
to total about one third of the original oi l  in place. [ 1 2 ]  
Whi le water is an effective and economical source in forcing the o i l  to  flow to 
the wellbore of producing wells, it has a tendency to follow the least resistant path and 
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by-pass regIons containing high amounts of un-swept oil . The cost of l ifting 
separating and dispo al of the ever-increasing amount of water co-produced with oil 
at some point will become economically prohibitive. [ 1 3] 
With these secondary methods about 30 to 40 percent of the original oil in 
place may be recovered, while the rest must be left in the earth. In order to recover 
some of this oi l  as wel l ,  tertiary methods have been developed which are sti ll the 
subject of research. The forces that hold back the oil  in the porous body of the 
reservoir are the interfacial tension between the di fferent phases of oil ,  water and gas 
flowing in the porous medium and the viscosity of the crude oi l .  The interfacial 
tension may be overcome by injection of surface active agents (surfactants) or by 
inj ection of a fluid such as water, steam, or gas. These fluids, which are in most cases 
less viscous than the oil, tend to fol low the more permeable paths. In doing so, the 
fluids often by-pass oil-bearing zones. Diversion of these fluids from high 
permeabi lity zones and fractures to the unwept oi l -containing portions of the reservoir 
is desirable .  The most commonly used chemical diversion is the treatment of the 
permeable zones with a water soluble polymer. This method of enhanced oil  recovery 
[EOR], cal led polymer flooding. [ 1 4] 
1 .5.2 Polymer for E n hanced Oil Recovery [EOR] 
Different kinds of water-soluble polymers can be used for EOR processes. These 
polymers are c lassified into three main groups: 
tI natural polymers (biopolymers) such as starch, guar gum, xanthan and 
scleroglucan; 
tl chemically modified natural polymers such as starch , cellulose ethers and 
l ignosul fonates; and 
tl syn thetic polymers such as polyacrylamide and synthetic copolymers. 
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There are several requirements for polymers to be used in the EOR processes. 
orne of these important and cri6cal requirements are: solubi l ity; viscosity and shear 
tabi lity· compatibility with injection and formation waters, crude oil  and minerals of 
reservoir, corrosion and scale inhibitors, and biocides, etc .; long-term thrrnohydrolytic 
stabi l ity· injectibil ity; low adsorption; ease of field handling; and cost efficiency. [ 1 5] 
Water soluble polymers commonly used in polymer flooding include 
polyacrylamides as well as polysaccharides. While these polymers are efficient and 
suitable for most reservoirs, they can not tolerate the higher temperature, sal inity and 
hardness levels encountered in deeper reservoirs. For example, a " safe" temperature 
l imit of 75 °C ( 1 67°F) has been defined for polyacrylamides in most oilfield 
brines. [ 1 6] 
Copolymers prepared with vinyl sulfonate and vinyl amide have raised this l imit 
to about 90 °C ( 1  95°F) .  [ 1 7] 
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1.6 Appl ications of polyacrylamides 
1.6. 1 .Eobaoced Oi l Recovery [EOR) 
Polyacrylamide and copolymers usual ly are prepared by free radical 
polymerization. Polyacrylamides and acrylamide copolymers are of extremely high 
molecular " eight 1 x 1 06 to 20 X 1 06. [ 1 8] 
Polyacrylamides are water soluble polymers which are produced by many 
manufacturers in many ways for different purposes. For instance as flocculating 
agents in waste water treatment. The monomer acrylamide is a compound derived 
from acryl ic acid. The most important representatives of the chemical group that 
acrylic acid belongs to are : 
CH2 = CH-COOH 
CH2 =  CH-CN 
C H2 = CH-COOR 
CH2 =  CH-CONH2 
CH2= CH-CHO 
acrylic acid 
acrylonitri le 
acrylic acid ester 
acrylamide 
acrolein 
By hydrolysis in a caustic water solution some of the CONH2 groups react to 
form carboxylic acid groups (COOH). The degree of hydrolysis is an important 
parameter which determines the properties of polyacrylamide in aqueous solutions as 
used in enhanced oil  recovery. The carboxyl groups dissociate in an aqueous solution. 
The structure of a polyacrylamide molecule is as shown in Figure 1 . 2 .  
Extensive hydrolysis of polyacrylamides a t  elevated temperatures appears to 
be the major drawback on their use as mobil ity control agents in high-temperature 
reservoirs. The resulting hydrolyzed polymers precipitate with divalent cations 
commonly present in oilfield waters, leading to a substantial loss in viscosity. Recent 
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development of a number of water soluble polymers which are resistant to extensive 
thermal hydrolysis has produced commercial products which can tolerate the hosti le 
environment conditions of high salinity and hardness at elevated temperature without 
precipitation and viscosity loss. [ 1 9] 
In fresh water, the polyacrylamide solution viscosity is greatest at 35% 
hydrolysis. In calc ium-chloride-containing bl ine, 10 to 1 5% hydrolysis gIVes the 
highest viscosity. The rate of viscosity  loss in the presence of salts increases as the 
percent of hydrolysis increases. In the presence of salts, the polymer chain is thought 
to contract, decreasing the hydrogen bonding to water and reducing viscosity. [20] 
Placement of gel-forming composition into a high permeabil ity streak of a 
reservoir is most successful in diverting the flow when a low level of cross flow exits 
between various layers of reservoir. At least one modell ing study of a reservoir with 
relatively high vertical permeabil ity has shown a significant incremental oil recovery. 
The amount of incremental oi l  is sensitive to the level of permeabil ity reduct ion. 
However, once the treated zone ends up with permeabil ity  as low as or lower than the 
adj acent reservoir layer, further reducing, makes l i ttle difference.  [2 1 ]  
The efficiency of polymer flooding is further increased by the use of cross­
l inkers in conjunction with polymers to produce gels  in porous media, blocking higher 
permeabil ity channels or fractures. A recent study reports a long-term stabi l it y  l imit of 
66°C ( 1 50°F) for t he gels produced by chromium cross-linking of xanthan gums. The 
same study, reports on chromium cross-linked gels produced with a new extracellular 
polysaccharide named Alcaligenes biopolymer which exhibits higher thermal stabil ity 
l imit  of 93° C (200°F). Wh ile copolymerization of acrylamide with  sodium acrylate 
does not protect the amide groups against thermal hydrolysis in a mildly alkaline 
solution (pH =8.8),  copolymerization with sodium 2-acrylamido-2-
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methylpropanesulfonate aAMPS) appeared to be more effective in reducing the rate 
of hydrolysi s. The use of these new polymers is not l imited to EOR appl ications, and 
they have been successfully appl ied as additives in dri l l ing fluids, cementing and 
ac idizing. The main function of the polymer in these appl ications is preventing the 
undesirable fluid loss to the fom1ation. [22] 
1.7. Objective and impact of the research 
This thesis addresses the synthetic method of water-soluble polyacrylamide 
(P AA) which is intended to improve its flow and i ts large- scale synthesis using 
solution polymerization and Gel process. 
The main purpose of the present study is to synthesize water-soluble polyacrylamide 
and examine its rheological and thermal properties. 
To fulfi l  this objective, the fol lowing items are considered: 
• To establish wel l -defined routes for control led polymer synthesis in solution 
polymerization. 
• To study the thermal properties for polyacrylamide samples. 
• To investigate the chemical structure of polyacrylamide. 
• To develop a suitable experimental method for the production of a large 
quantity of specialty and tailored made water soluble polyacrylamide. 
• To explore the feasibility of using various monomers and catalysts with high 
reactive efficiency. 
• To synthesized a series of water soluble polyacrylamides with improved 
rheological properties for enhanced oil  recovery process. 
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1.8. Tasks 
e eral tasks are required in carrying out this study. These include: 
• Carrying out a l i terature review to gather information on the chemistry and 
rheologica I-properties of the polyacrylamide. 
• Studying the characterization and different properties of the polyacrylamides. 
• Analyzing the experimental data and discussing the results in order to match 
the properties to the structure and composition of polyacrylamides. 
The tasks of this study had been done in three main laboratories, which are 
(a) Chemistry Laboratories, UAB University, where the synthesis of 
polyacrylamide samples with different composition had been carried out. 
Also, the viscosity and the rheological characterizations were examined using 
Ubbelohde viscometer and Brookfield viscometer, receptively. 
(b) Central Laboratories Unit (CLU) where the chemical structure analysis of the 
polyacrylamide samples using Nuclear Magnetic Resonance (NMR) and 
Fourier Transform Infra -Red spectroscopy (FTIR) were performed. 
(c) Chemical Engineering Laboratories, UAE University, where the thermal 
propert ies were analyzed using Thermogravimetric analysis (TGA) 
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Chapter Two 
Literature Review 
2.1 I n troduction 
Water-soluble polymers are used in many oilfield operations including 
dri l l ing, polymer-augmented water flooding, chemical flooding and profile 
modi fication (Chatterj i and Borchardt, 1 98 1 ). [23] 
Water soluble acrylamide based homo- and copolymers have been used as 
flocculants, dispersant retention a ids, steric stabil izers and associate thickeners in as 
divers areas as municipal and industrial waste water treatment, mineral flotation, 
paper making, oil and coal refineries and emulsion polymerization reactions etc . 
Polymers of cationic, anionic as well as non- ionic types are employed in the above 
application areas depending upon the specific function of the polymer needed. The 
adsorption of the polyacrylamides on the suspended particulate matter is the main 
process that governs the performance of the individual polymers. The 
polyacrylamides are reported to interact with the various charged substrates through 
specific and nonspecific type of forces depending on the nature and polarity both of 
the polymer and the surface. (N.V.  Sastry, P .N. Dave, and others 1 999) [24] 
2 .2  Polyac ry lamide 
Polyacrylamide (P AA) is a generic chemistry term, referring to  a broad class 
of compounds. There are hundreds of specific P AA formulations that vary in polymer 
chain length and number and kinds of functional group substitutions. In some chain 
segments of PAA, the amide functional groups are substituted with groups containing 
sodium ions or protons. They freely dissociate in water, providing negative charge 
sites (figure .  2 . 1 ), substitution of a sodium formate functional unit to a l low aqueous 
dissociation of Na + to provide a net negative charge site on the polymer macro 
molecule. ( James A .  Entrya, , R .E .  Sojka, and other, 2002) . [25]  
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! -ONa + I+----
Figure 2 . 1 :  Diagram of a repeating unit in a polyacrylamide molecule, showing substituation 
of the amide group with sodium fonnate. 
2.2. 1 Polymerization 
Polyacrylamides are obtained by free radical polymerization of acrylamide 
and are one of the most widely used and technically important water soluble 
polymers. The physical properties of the acrylamide monomer are shown in table 2 . 1 .  
Table 2. 1 :  Physical Properties of Acrylamide 
Molecular weight 7 1 .08 glmol 
Melting Point 84.5  ± 3°C 
Boiling Point 87°C (2 Torr) 
1 03°C (5 Torr) 
1 1 6.5°C ( 1 0  Torr) 
1 36°C (25 Torr) 
App. Density 1 . 1 22 g.cm-J (30°C) 
Solubi l ity Acetone 63 . 1  
(grams/ 1 00 g at 30°C) Benzene 0.346 
Methanol 1 55  
Water 2 1 5 . 5  
Formula CH2 = CH 
I 
c=o 
I 
NH2 
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2 .2 .2  Pol merization methods 
Acrylamide readily undergoes vinyl polymerization. In table 2 .2 a summary of 
polymerization procedures. 
Table 2 .2 :  Polymerization methods of acrylamide .  
1 .  Per- and Azo-compound initiated polymerizations 
Initiators : H202, Persulfate, Di-t-butloxide, 4,4-Azo-bis-4-cyanovalenan acid, AIBN, Ce- IV. 
2. Redox initiated polymerizations 
Initators: Permanganate/thiourea, Permanganate/Tartaric acid, Permanganatel Thioglycolic 
acid, Permanganate/ci tric acid, Permanganate/Oxalic acid, Permanganate/Ascorbic acid 
(emulsion), G lycerollCe(IV) Potassium persul fatel 2-mercaptoethanol, Potassium 
Persulfate/2-mercaptoethylamine hydrochloride, Potassium Persulfate/Thioglycolic acid, 
Cer(IV)/thiourea, KBr03/Thioglycolic acid, (NH4)2S20g/Thioglycolic acid 
Vanadium(V)/Cyclohexanone, Chlorate/Su I fite, PinacoI/Ce(IV) H202/F e( I I ) .  
3. Photopolymerization 
UV without sensibil isators or visible l ight with sensibi l isators. 
4. Radiation induced polymerization 
X-ray or y-ray in aqueous solution or in substance 
5. Electroninitiated polymerization 
6. Ultrasonic polymerization 
7. Other methods 
Polymerization in presence of Ce-salts 
Initiation by a cobalt complex 
by nitrogen dioxide 
Effect  of Ag(l) and Cu(II) on the polymerization initiated by peroxodisulfate ions 
Polymerization catalyzed by bisulfite.  
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With a vIew to obtain readily soluble, high molecular weight, l inear 
polyacrylamide (PAA) samples, the polymerization with R202 has obvious advantage 
to produce l inear, completely soluble polymers, i f  the conversion is kept below 20%. 
Furthermore, a wide molecular weight is obtainable by means of various water­
alcohol m ixtures as polymerization medium. No residual initiator or ions can be 
present in the polymer. However, saponification as a side reaction takes place i f  the 
polymerization is carried out at temperatures exceeding 70°C .  
The polymerization with persulfate, AIBN, and other inintiators can lead to 
residual ions or radicals in the polymers . AIBN as initiator can be used for bulk 
polymerization but low molecular weight polymers are produced only. 
Using redox initiators the polymerization can be performed at low temperatures, but 
again the disadvantage exists that residual ions may be present in the polymer sample. 
Choosing the photo-polymerization method, good results were obtained only 
by means of sensibi l i sators. This includes the danger of product contamination too. 
The radiation induced polymerization is general ly appl icable for bulk polymerization. 
The advantages are low reaction temperatures and the formation of high molecular 
weight products. 
A recently applied initiation reaction i s  based on electro-chemical methods, 
which represents a redox reaction. The initiation by ul trasonics can be accompanied 
by depolymerization effects, if the solutions are not strictly degassed. Therefore, low 
molecular weight samples may be obtained. (W.M.Kul icke, R .Kiewske, and other, 
1 982) [26] 
2.3. Synthesis of associating polymers 
Associating polymers have been prepared by two general methods. The first 
method is the copolymerization of water-soluble and hydrophobic monomers. The 
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econd method i the modification of polymers after polymerization to introduce 
hydrophobic or hydrophi l ic groups associating acrylamide polymers ha e mo t 
commonly been prepared by copolymerizing acrylamide with a hydrophobic 
monomer and other monomers such as acryl ic acid. Figure 2 .2  shows a 
hydrophobically a sociating acrylamide-acrylic ac id-dodecyl methacrylate copolymer. 
The hydrophobic monomer used to prepare the copolymer was dodecyl methacrylate. 
arboxylic acid groups ha e been incorporated into associating polyacrylamides by 
ba e hydrolysis after polymerization . (Jacques and Bock, 1 988) [27] 
H H 
I I 
c ==== O c === o 
I I 
NH2 OH 
Figure .2 .2 :  Hydrophobical ly associating polyacrylamide. 
Many different monomers and hydrophobic monomers have been used to 
prepare acrylamide based associating polymers by free radical polymerization. In al l  
cases, acrylamide i s  the major monomer. Acrylamide and acrylic acid are 
copolymerized with a hydrophobic monomer to produce assoc iating analogues of 
HPAM. Sulfonate- containing monomers including vinyl sulfonate, 4-vinyl benzene 
sulfonate and 2-acrylamido-2-methyl- l -propanesulfonic acid AMPS have been used 
to replace acrylic acid and improve salt sensitivity. N -vinyl pyrrolidione NVP has 
been used in large proportions to make the resulting polymer more resistant to base-
catalyzed hydrolysis of the acrylamide. With acrylates or methacrylates, n-alkyl esters 
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and polyethoxy /I-alkyl esters ha e been reported as hydrophobic monomers. Other 
hydrophobic monomers have been prepared based on acrylamides and styrene. 
Hydrophobic monomers that are anionic, cationic or betaines have been reported . 
H drophobic monomer containing fluorocarbons or sil icone have also been prepared. 
A ociating polymers have been prepared by incorporating hydrophobic groups into 
the polymer after the polymerization proce s. The advantage of this approach is that 
commerc ially available polymers can be used as starting material .  A disadvantage is 
that reactions involving viscous polymer solutions are not easily carried out because 
of problems a ociated with mixing and reaction homogeneity. 
The preparation of acrylamide-based hydrophobically associating polymers 
presents problems because both water-soluble and water-insoluble monomers must be 
copolymeri zed. The hydrophobic monomers do not normally dissolve in water, which 
i the best sol ent for polymerization of acrylamide. Mechanical stirring wil l  disperse 
the hydrophobic monomer into smal l  droplets, but polymerization results in a latex or 
a polymer that does not incorporate hydrophobic groups. (Valint and Bock, 1 992) [28] 
M ixed solvents such as water/alcohol can dissolve both the hydrophobic and the 
hydrophilic monomers, but are not good solvents for the resulting polymer. 
Consequently, polymer precipitates from solution as the polymerization proceeds. The 
resulting polymer is generally of low molecular weight, due in part to the insolubil ity 
of the high molecular weight material in the solvent and to chain transfer processes in 
the organic solvent. Most of the preparations of associating polymers have used a 
micellar polymerization technique, in which a surfactant such as sodium dodecyl 
sulfate SDS (CH3(CH2) 1 1 0S03Na) is used in an aqueous solution to solubil ize the 
hydrophobic monomer. M icel les of SDS may then contain molecules of the 
hydrophobic monomer. Although other surfactants can be used, SDS is readily 
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a ailable in a pure fonn. Impurities such as alcohols or heavy metal cations could 
interfere with the polymerization, resulting in polymers of reduced molecular weight. 
Hil l  et al. ( 1 993) ha e compared the effect of several polymerization techniques on 
the rheological properties of the resulting associating polymers. [29] 
Biggs et a l .  1 992 examined in detail the effect of surfactant concentration on 
hydrophobic monomer incorporation into an acrylamide copolymer. They found that 
the reaction rate for acrylamide polymerization in aqueous solution was very simi lar 
to its reaction rate in a micellar solution. Solubil ization of hydrophobic monomers 
within the micelles causes a positive increase in their rate of incorporation into the 
copolymer. Total incorporation of hydrophobic monomer at high conversion was 
greater than 90%. The higher the number of hydrophobic monomers per micelle, the 
greater the increase in the rate of incorporation. This  means that at values of 
hydrophobic monomer to micelle of much greater than unity,  the hydrophobic 
monomer can be depleted before the end of the polymerization. This  results in 
homopolymer being produced at the end of the polymerization, and a highly 
polydisperse product. However, if the hydrophobic monomer to micelle ratio i s  
approximately one, the reactivity is only slightly higher than that of acrylamide . Biggs 
et al . also concluded that the rate of monomer exchange between micelles is 
significant and fast relative to monomer reaction with a growing radical. The result 
was a polymer with blocks of hydrophobic groups. [30] 
Valint and Bock 1 992 found that the viscosity of the resulting polymer after 
purification by precipitation showed a maximum as a function of polymerization 
surfactant concentration. The surfactant concentration for maximum viscosity 
increased when the hydrophobic level of the polymer was increased. [3 1 ]  
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Table 2 . 3 :  Free radical polymerization conditions. 
I n it iator Temp. Monomers [11 J Reference 
(0C) (mass%) (dUg2) 
K2S2OS 50 3.0 --- Landoll ,  1 982; Goodwin et a l . ,  1 989; Foug, 
1 99 1  
K2S1Og 50 3.0 3 .3-6.6 Sau and Landol l ,  1 989 
K 2SP 50 2-4 1 6-8.0 Valint et aI . ,  1 989; McConnick et al . ,  1 988; 
Biggs et al . ,  1 992; Schulz et a l . ,  1 987b 
K2S20� 55 3.0 2.6-8.3 Schulz et aI . ,  1 988b 
K�S20S 50 3 .0 3 .3-6.6 McConnick and Hester, 1 990 
K2S1O 60 5 --- Turner et aI . ,  1 985a, McConnick and 
Johnson, 1 989 
K2S2OS 50 3 .0 5-7 Peiffer, 1 990 
K1S1Og/Na1SPs 25 4.5 1 0- 1 3  Landol l ,  1 982; Goodwin et aI . ,  1 989; Fong, 
1 99 1  
KlS20s/Na2S20s 25 4- 1 2  --- Pei ffer et aI . ,  1 992 
K1S1OsffEA 20 1 0.0 28-75" Bock et aI . ,  1 987a 
A I BN 45 3 .0 8- 1 2  Wang et a I . ,  1 988,  1 99 1 ;  FI)'Tln and 
Goodwin, 1 99 1  
A I BN 60 20 --- McConnick et aI . ,  1 989; Evani and Rose, 
1 987 
A l BN 60 1 0  1 2- 1 4" Emmons and Stenvens, 1 983 
A I BN 60 1 0  --- Winnik et aI., 1 99 1  a 
A I BN 60 20 8- 1 0" Magny et aI . ,  1 99 1  
Vazo 33 20-30 3.0 6-1 I Wang et a l . ,  1 988, 1 99 1  ; FI)'Tln and 
Goodwin, 1 99 I 
Vazo 33 25 5 --- Constein and King, 1 985 
"2 mass% NaCI unless noted. 
b3 mass% aCl, TEA : triethylamine; NYP:  -vinyl-2-pyrrol idione; Vazo 33 : 2,2' azobis(2,4-dlmethyl-4-
methoxylvaleronltnle) ; AlB : 2,2' -azobis(2-methylpropionitrile) 
Table 2 .3  summarizes initiators, temperatures, and monomer concentrations 
used for the preparation of hydrophobically associating polymers. Intrinsic viscosity 
[ 1) ]  i s  reported where avai lable. With the use of a redox initiator, low temperature and 
high monomer concentration, very high molecular weight associating polymers can be 
obtained, S iano and Bock, 1 987 [32 ] .  In general, however, intrinsic viscosities from 2 
to 1 0  dl/g can be prepared with either persulfate or diazo initiators in the absence of 
chain .0 .5  transfer agents. Values of M I I are generally 30 to 1 00, where M is the total 
monomer concentration and I represents initiator concentration, both in units of 
mole/L. Low concentrations of isopropanol as a chain transfer agent have been used 
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to prepare as ociating polymers of lower molecular weight Evani, 1 989' van Phung 
and E ani , 1 988 . [3 3-34] 
2.4 C haracterization of the poly mers 
Rheological properties of associating polymers depend on several factors, 
including the average molecular weight, degree of hydrolysis, hydrophobe type, 
degree of incorporation of hydrophobe and distribution of hydrophobe, McCormick 
et a I . ,  1 989; . Bock et a I . ,  1 994 [35-36] .  The solubil ity of water-soluble associating 
polymers decreases as the hydrophobe content increases. McCormick et a I . ,  1 989. As 
molecular weight of the polymer increases, or hydrophobe chain length increases, the 
amount of hydrophobe required to make the polymer insoluble decreases. Obviously, 
this wi l l  limit the maximum hydrophobe content that can be introduced into an 
associating polymer. When fluorocarbon-containing hydrophobic groups are used, 
much lower concentrations of the hydrophobic group are required to make the 
resulting associating. polymer insoluble, Zhang et a I . ,  1 990, 1 99 1 ,  1 992 . [ 37-39] One 
way to increase the solubility of associating polymers in water is to introduce ionic 
character in polymer backbone McCormick et a I . ,  1 989 . Such ionic character can be 
obtained by hydrolyzing some of the amide groups to carboxylate groups . Bock et aI . ,  
1 989; [40] Wang e t  a I . ,  1 99 1 [4 1 ]  or  by  copolymerizing acrylamide with sulfonate­
containing monomers, Bock et a I . ,  1 987d[42] ;  Bock and Valint, 1 988[43]; Evani, 
1 989; Zhang et a I . ,  1 990; Middleton et. a I . ,  1 99 1  [44 ] ;  Val int and Bock, 1 992. It 
should be mentioned that the introduction of ionic groups into the polymer backbone 
wil l  modify the rheological properties of the associating polymers as wil l  be discussed 
later. The introduction of hydrophobic groups into a water-soluble polymer wil l  
modify the flow behaviour of the precursor polymer. This is mainly due to 
intramolecular association, intermolecular association, or both McCormick et a I . ,  
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1 9  9 . The net effect of these associations depends, among other factors, on polymer 
concentration. If the reduced viscosity is plotted versus polymer concentration for 
associating and non-associating polymers, there is a cri tical concentration above 
which the assoc iating polymer shows enhanced viscosity Schulz and Bock, 1 99 l  . [45] 
This critical concentration is also known as the overlap concentration, or the critical 
aggregation n concentration, c* . The critical concentration of nonassociating 
polymers has been discussed in detai l .  Wolff, 1 977; Aharoni ,  1 978.  [46-47] 
The viscosity enhancement at c* is mainly due to intermolecular association. Below 
c* , the introduction of hydrophobic groups results in a sl ight decrease in the reduced 
viscosity. This reduction is due to intramolecular association, which also reduces 
intrinsic viscosity and leads to an increase in the Huggins constant .Magny et a I . ,  
1 99 1 .  [48]  
2.4. 1 Viscosity of associating polymers i n  the di lute regime 
2 .4. 1 . 1  I ntri nsic viscosity and H u ggins constant. 
The intrinsic viscosity, [1) ] ,  and Huggins constant, k, can be used to determine 
the molecular weight of the polymer and to assess the degree of hydrophobic 
interactions Bock et a I . ,  1 988a. Therefore, it is useful to discuss these two parameters 
before examining the rheological properties of associating polymers. It is known that 
for dilute polymer solutions and according to the Flory-Huggins equation, the 
reduced viscosity is a l inear function of polymer concentration 
As follows: 
(2. 1 )  
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Where c is the polymer concentration in gldl and 11 ° is the solvent viscosity .  The 
intrinsic viscosity and Huggins constant can be obtained by measuring the viscosity of 
polymer solutions having low polymer concentrations. It  is important to note that 
these vi cosity measurements should be conducted at a low shear rate to ensure that 
the olution viscosity is independent of shear rate. The intrinsic viscosity and Huggins 
con tant can be determined by fitting the experimental data using equation 2 .2 .  The 
intrinsic viscosity generally decreases and the Huggins constant increases as the 
hydrophobe content is increased at constant molecular weight Bock et a l . ,  1 989. The 
Huggins constant is a very important measure of polymer-solvent and polymer­
polymer interactions. Bock et a I . ,  1 988a. For random coil polymers, k is in the range 
0 .3 to 0 .8 .  The intrinsic viscosity is related to the polymer weight average molecular 
weight, My through the Mark-Houwink-Sakurada equation, Bock et a l . , .  1 988a; 
McConnick et a I . ,  1 989. 
(2.2) 
where (K) and (a) are characteristics for a polymer chain under specific conditions of 
solvency and temperature Magny et a I . ,  1 992 . 
2 .4. 1 .2 Effect of hydrophobe content 
The introduction of hydrophobic groups wil l  affect the intrinsic viscosity and 
the Huggins constant. Bock et a i . , 1 988a prepared copolymers of N -octylacrylamide 
and acrylamide using micellar copolymerization. The prepared copolymers were 
nonionic had a molecular weight of 3 x l  06 glmol and contained a hydrophobe content 
of 0, 0 .75 and 1 mol%, respectively. Table 2.4 lists the intrinsic viscosity and Huggins 
constant for these polymers. The intrinsic viscosity decreased as the hydrophobe 
content was increased. This is mainly due to intramolecular association that leads to 
the contraction of the polymer chain. On the other hand, Table 2 .4 shows an increase 
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in Huggins constant with the hydrophobe content such that the Huggins constant at 1 
mol% hydrophobe as significantly higher than the common value of 0 .3 to 0 .8  for 
random coi l polymers . 
Table 2.4: Intrinsic viscosity and Huggins constant, acrylamide/N-octylacrylamide 
copolymers data from Bock et aI . ,  1 988. 
Hydropbobe content 
(mol% n-octvlacrv lamide) 
0 
0 . 75 
1 .0 
I ll ]  (dUg) 
7 .3  
4 .5  
3 .4  
Huggins constant, k 
0.4 
0 .8 
2 .5  
Flyn n  and Goodwin 1 99 1  [49] also found an increasing Huggins constant as 
hydrophobe content was increased in acrylamide-dodecyl methacrylate polymers. 
Therefore, the Huggins constant can be used as a measure of the hydrophobic 
interactions and a value greater than 0 .8  indicates assoc iation. 
2.4. 1 .3 Effect of bydrolysis 
To examine the effect of introducing ionic character to associating polymers, 
Bock et a I .  1 989 [50] prepared two sets of associating polymers, each containing 
polymers of the same molecular weight and hydrophobe level .  However, one set of 
polymers was hydrolyzed to a degree of hydrolysis of 1 8%. They found that the 
intrinsic viscosities of the hydrolyzed polymers were higher than that of the 
unhydrolyzed polymers. By introducing ionic character into the polymer, the 
hydrodynamic volume of the polymer chain increases because of the electrostatic 
repulsion between the negative charges of the carboxylate groups. The intrinsic 
viscosity decreased for both hydrolyzed and unhydrolyzed polymers as hydrophobe 
content was decreased. By increasing the hydrophobe content, the intramolecular 
26 
association increases . As a result, the polymer chains coil up and the hydrodynamic 
volume decreases. From the work of Bock et a1 . 1 989, it is important to note that ionic 
character and hydrophobic interactions have opposite effects on intrinsic viscosity .  In 
the dil ute regime, hydrolysis of the associating polymer increases its intrinsic 
iscosity ,  whereas increasing the hydrophobic content reduces i ts intrinsic viscosity. 
Bock et a1. 1 989 also found that the Huggins constant of the hydrolyzed polymer was 
lower than that of the unhydrolyzed one. The electrostatic repulsion opens the 
polymer chain up. This in tum improves the polymer-solvent interaction that is 
marked by low values of the Huggins constant. 
2.4.2 Viscosity of associating polymers in the semi d i lute regime 
2.4.2 . 1  Effect of polymer concentration 
The effect of hydrophobic association on viscosity in the semidilute regime is 
different from that observed at low polymer concentrations. Bock et a1 .  1 988a 
examined the variation of the reduced viscosity with polymer concentration for 
polyacrylamidelNoctylacrylamide copolymers having hydrophobe contents of 0.75 
and 1 mol%. At a hydrophobe content of 0.75 mol%, they found that the viscosity 
sign ificantly increased as polymer concentration was increased because of 
intermolecular association. Increasing hydrophobe content further to 1 mol% resulted 
in higher viscosities. Low amounts of the hydrophobe are required to enhance 
viscosity by orders of magnitude. Also, very high viscosities can be obtained using 
relatively low polymer concentrations. 
2.4 .2 .2  Effect of polymer molecular weight 
Bock et. a1. 1 989 examine d th re e N -octylacrylamideracrylamide copolymers 
with degree of hydrolysis of 1 8% and intrinsic viscosities of 2 .0, 7 .6,  and 8 .4 dl/g, 
respectively. These polymers were prepared in 2 mass% sodium chloride solution. At 
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a given polymer concentration increasing the intrinsic viscosity therefore molecular 
weight resulted in higher iscosity. This trend is similar to that observed for 
nonassociating water-soluble polymers. 
2.4.2.3 Effect of bydropbobe content and type 
Bock. et a1 .  1 989 examined the effect of hydrophobe content and structure on 
the iscosity of associating polymers . For a given hydrophobe type, increasing the 
hydrophobe content resulted in higher viscosity .  Introducing a phenyl group in the 
hydrophobe monomer significantly enhanced the viscosity, especially at high 
hydrophobe contents. 
2.4.2.4 Effect of sbear rate 
The flow curves apparent viscosity as a function of shear rate of polymer will 
change because of hydrophobic association. Regions of both shear-thinning and 
shear-thickening behaviour have been observed with 0 .75 mol% N-oc­
tylacrylamide/acrylamide copolymer Bock et a I . ,  1 988a. At polymer concentrations 
greater than 3000 ppm the apparent viscosity is constant at low shear rate, then 
increases with shear rate, shear thickening up to a maximum, and finally decreases 
with increasing shear rate, shear thinning. This unique and complex behaviour is due 
to shifting the relative amount of inter and intramolecular association with shear rate 
Bock et a I . ,  1 988a. One possible explanation for the shear thickening behaviour is that 
the polymer chains are stretched at high shear rates. This wi l l  enhance intermolecular 
association and, as a result, the viscosity increases. This transient behaviour has been 
studied in detai l  by Klucker et aI . ,  1 995 . [5 1 ]  
2 .4.2.5 Effect of temperature 
McCorm ick et al . .  1 988 examined the effect of temperature on the viscosity of 
a copolymer of acrylamide and N-decylacrylamide. They found that the reduced 
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viscosity of the copolymer increased with temperature, whi le that of the 
polyacrylamide remained constant. This result indicates that interchain association is 
favored by an increase in temperature. One explanation for this trend is that 
hydrophobe-hydrophobe association is endothermic .  
2.4 .2 .6 Effect of chemical interactions on the rheological p roperties of associating 
polymers 
Bock et a1 .  1 988a examined the effect of salts on the viscosity of N ­
octylacrylamideracrylamide copolymer i n  water and 2 mass% sodium chloride. TIle 
viscosity of the associating polymer increased in the presence of salts, especially at 
higher polymer concentrations. This trend can be explained as fol lows. The 
hydrophobic groups associate to minimize their exposure to water. This is similar to 
micelle formation encountered with ionic surfactant solutions. Increasing salinity 
enhances aggregation and reduces the c ritical micelle concentration. Similarly, the 
effect of salts on viscosity  of associating polymers can be attributed to association. 
Similar trends were obtained by McCormick et al. 1 988 using a copolymer of 
acrylamide and decylacrylamide. One major disadvantage of partially hydrolyzed 
polyacrylamide is its high sensitivity to salts. Nasr EI-Din et a I . ,  1 99 1 .  [52] 
This is not so for hydrophobicaUy associating polyacrylamides. The 
hydrolyzed copolymer of N -octylacrylamide/acrylamide had a reduced sensitivity to 
salts when compared to partially hydrolyzed polyacrylamide, especially at higher 
hydrophobe contents Bock et a I . ,  1 988a. 
Surfactant concentration varied after polymerization greatly affects viscosity 
of assoc iating polymer systems. I l iopoulos et a1. 1 99 1 [ 53 ]  and Magny et a I . ,  1 992 
studied the interactions between sodium dodecyl sulfate SDS and hydrophobically 
modified poly sodium acrylate with 1 or 3 mol% of octadecyl or dodecyl associating 
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groups. A viscosity maximum occurred at a surfactant concentration close to or lower 
than the critical micelle concentration CMC. Viscosity increases of up to 5 orders of 
magnitude were observed. Glass et a l .  1 990[54] observed similar behaviour with 
hydrophobically modified HEC polymers. The low-shear viscosity of hydrophobic ally 
modi fied HEC showed a maximum at the CMC of sodium oleate. At the cri tical 
micelle concentration the micelles can effectively cross-l ink the associatingbpolymer 
if more than one hydrophobic group from different polymer chains is incorporated 
into a micelle. Above the CMC, the number of micelles per polymer-bound 
hydrophobe increases and the micelles can no longer effectively cross-l ink the 
polymer. As a result, viscosity diminishes. 
Theoretical models of associating polymers and their interaction with nonionic 
surfactants have been reviewed by Balazs et al. 1 993 . [ 55 ]  Hydrophobic polymer-
surfactant interactions have been reviewed by Goddard 1 99 1  and Piculell et a1 .  1 996. 
[ 56-57] 
2 .4.2 .7 Flow i n  porous media 
The flow of associating polymers through porous media has been reported in 
the patent l i terature Landoll ,  1 984 [58] ; Bock et aI . ,  1 987b,d; Evani, 1 989 . Bock et a1. 
1 987d examined copolymers of acrylamide with the sul fonate monomer AMPS and 
N -octylacrylamide. They claim that hydrophobe levels that are too high can lead to 
polymer adsorption and plugging, but that sulfonate groups in the polymer reduce the 
level of adsorption of polymer in Berea sandstone, Bock et a1. studied the mechanical 
stability and resistance factors of some associating polymers Bock. et aI . ,  1 987b,d . 
The resistance factor is defined as fol lows: 
(2 .3)  
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Where P is the pre sure drop across the core and the flow rate is constant. 
Solutions containing 1 500 ppm of polymer in brine (3 mass% sodium chloride 
and 0 .3  mass% calcium chloride) were passed through a 500 md Berea sandstone disk 
at varying flow elocities. Viscosities of the produced polymer solutions were 
determined at a shear rate of 1 1  S· I . Commercial HPAM lost 50% of its viscosity at a 
flow velocity of 50 ftJday. Associating polymers containing AMPS maintained at least 
50% of their viscosity up to 1 000 ftJday, while associating polymers containing NVP 
maintained 50% of their viscosity at 675 ftJday. All of the associating polymers 
contained 0 .75 mol% N -octylacrylamide . The NVP associating polymer contained 30 
mol% NVP and had an intrinsic viscosity of 6 .4 dl/g in 2 mass% NaCI .  With the same 
coreflood experiments, Bock et a1 . 1 987b,d measured the resistance factor R of 
associating and conventional polymers. The associating polymers have much higher 
resistance factors at flow velocities of 1 ftJday, which is typical of reservoir flow 
away from the wellbore area. These polymers also exhibit a drop in resistance factor 
as flow rate increases, which is desirable. The commercial HPAM showed a 
maximum resistance factor at about 1 0  ftJday, after which the value dropped due to 
shear degradation of the polyme . Evani 1 989 examined the behaviour of associating 
copolymers of acrylamideracrylic acidldodecyl methacrylate. Resistance factors of 
these polymers were measured in Berea sandstone cores 2 . 54 cm long by 2 . 54 em in 
diameter. Brine permeabil ities ranged from 1 50 to 300 md. Polymer concentrations of 
500 ppm in 3 mass% sodium chloride were used. Associating polymers with 0. 1 
mol% dodecyl methacrylate, 25% degree of hydrolysis and intrinsic . viscosities of 1 3  
dl/g 3 mass% NaCl were among those examined. At two ftJday, resistance factors of 
20 to 30  were measured, while that of HP AM was about eight. The resistance factor 
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of the associating polymers decreased slightly up to 50 ftlday, while the resistance 
factor of HPAM increased. Uhl et al . 1 993[59]  found that acrylamide-based 
associating polymers developed higher solution viscosit ies and screen factors than 
yanatrol 960 a commercial HPAM in 0 . 5  to 30 mass% NaCI brines, and that they 
had better injectivity due to their shear-thinning characterist ics .  Screen factor is 
measured by passing a solution through a stack of screens of defined size, and 
calculating the ratio of flow times with polymer and without polymer Foshee et . a1 . ,  
1 976. [60] Acrylamide/dodecyl methacrylate copolymers increased the viscosity  of  
1 5% hydrochloric acid and 50% phosphoric acid, as  compared to an equivalent 
molecular weight PAM, after overnight dissolut ion. Viscosities as much as 250 times 
greater than the control were obtained Evani, 1 989. Th is suggests that these polymers 
could be effect ive in the acid t reatment of carbonate reservoirs . .  LandoU 1 984 
conducted corefloods with  hydrophobically modified hydroxyethyl cel lulose. The 
degree of molar subst it ut ion of HEC was 2 . 5  and n-hexadecyl groups were present at 
either 0 .4 or 0 .9  mass%. Solutions containing 1 000 ppm polymer in brine 2 mass% 
sodium chloride with 0 .2  mass% calcium chloride were flowed through a fired Berea 
sandstone core at a flow velocity of 1 1  ftlday. With 0 .9  mass% n-hexadecyl groups, a 
resistance factor of 75 and a residual resistance factor of 23 were obtained. In 
contrast , t he residual resistance factor of unmodified HEC was 1 .0 .  Residual 
resistance factor measures the increased pressure drop across a core due to polymer 
retent ion. Brine without polymer is injected into a core a fter a polymer injection, and 
t he tabilized pressure drop is measured. This pressure drop is divided by the pressure 
drop obtained at the same flow rate of brine before polymer inject ion. 
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2.5. Properties and Appl ications of water sol uble polyac rylamide 
The use of " ater- oluble polymers coupled with proper concentration of cross­
l inker a flow-di erting agent have become a common practice in recent years for 
oil recovery application . There are a number of gel l ing systems avai lable for 
improved oil  recovery lOR appl ications. The most common polymers used for gel 
treatment of petroleum re ervoir are polyacrylamides with varying degrees of 
hydroly i charge densities and molecular weights. These polymers are typically 
ine pensive and can be cross-l inked with metall ic and organic cross-linkers to 
produce suitable gel .( Moradi-Araghi et al . 1 988) 
A typical gel consists of about 0 .7- 1 .0% polymer and 500-2000 ppm. cross­
l inker '> ith the remainder being water (- 99%) . The gels produced with 
polyacrylamides can be used for treatment of the reservoirs with temperatures below 
75 °C. In hotter reservoirs, the acrylamide groups of the polymer hydrolyze to 
carboxylate groups (Moradi-Araghi and Doe, 1 984) [6 1 ] , which can over-cross-l ink 
with divalent cations such Ca +2 and Mg+2 commonly present in their environment 
(Ahmed and Moradi-Araghi, 1 994) [63 ] .  Figure 2 . 3  shows a plot of precipitation time 
versus hardness level for a solution of 1 000 ppm polyacrylamide, As the polymer 
thermally hydrolyzes, it produces carboxylate groups that cross-link with the divalent 
cations present in water and precipitate out of solution. This behavior is observed in 
the absence of a primary cross-linking system. The gels  produced with 
polyacrylamide and cross-l inking systems, however, are not protected against thermal 
hydrolysis. 
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Figure 2 . 3 :  Precipitation times for 1 000 ppm originally unhydrolyzed polyacrylamide aged 
in various brines. 
The carboxylate groups that cross-l ink with the divalent cations present in 
water and precipitate out of solution. This behavior is observed in the absence of a 
primary cross-linking system. The gels produced with polyacrylamide and cross-
l inking systems, however, are not protected against thermal hydrolysis. The 
carboxylate groups produced by thermal hydrolysis additionally crosslink with 
divalent cations. The process of overcross- l inking results in expulsion of water from 
the gel structure, shrinking its volume to a large extent. This phenomenon is referred 
to as gel syneresis (Ahmad Moradi-Araghi, 2000). [63]  
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Table 2 . 5 :  ummary of thermally stable gel . 
Po" mer Cross- l inker Comments 
Pol:racrylamldes, 10\ CR( I I I )  acetate 5°fo or more polymer 
M"" needed 
Polyacrylamldcs. h igh Cr( l l l )  malonate Slov er gelation rate 
�lw than with CR( I I I) 
acetate 
Polyacrylamldes. high Phenol and Ligands such as C itrate, 
M\\ formaldehyde oxalate, lactate 
stabil ized the gel 
Polyacrylamldes. h igh Hydroqulnone and 2% sodium bicarbonate 
\\ hexameth yl enetetram i ne needed for softening 
and stabi l i ty 
Polyacrylamldes. high Terephthaalaldehyde, Stable gels 
1\1\\ dl h ydrox ynaphtha lene, 
H MTA etc. 
Acrylamlde-based Phenol and Stable gels 
thermal ly formaldehyde stable 
polymer 
Acrylamide-based Phenyl acetate, phenyl Stable gels, lower 
thermal ly  stable sal icylate, etc with tOXicity then phenol 
polymers H MTA and formaldehyde gels 
Acrylic ester acryl ic Polyethylenelmine Stable gels. ReqUire 
aCid copolymer large concentratIOn and 
cool ing to below 93°C 
Resorcinol Formaldehyde Water-l ike vIscosity of 
gelant is a plus. 
TOXIC ity IS a problem 
SCleroglUcan Cr(IlI) Stable gels, the 
polymer is very 
expensive 
Lignosulfonate Cr( l I l) Expensive gels due to 
high Cr requirement 
Alcaligenes Na+ Stable gels in pH range 
biopolymer of 7-8 
PYA Phenol and aldehyde H igh concentratIOn of 
polymer and 
crossl inkers needed 
PV A-polyvlnylamlde Dlaldehydes or Not widely used 
copolymer polyaldehydes 
Reference 
Sydansk. 1 995 
Lockhart and 
Albonlco. 1 992 
Albomlco and 
Lockhart, 1 993 
Hutchins et aI . ,  1 996 
Dovan et aI . ,  1 997 
Moradl-Araghl et al , 
1 993 
Moradl-Araghi, 1 994 
Morgan et aI . ,  1 997 
Chang et aI . ,  1 985 
Nagra et aI . ,  1 986 
Nagra et a I . ,  1 986 
Strom et aI . ,  1 989 
Hoskin and Shu, 1 989 
Shu, 1 997 
As summarized in table 2 .5 ,  there are a number of gell ing systems available 
that can tolerate the hostile environments of high salini ty, high hardness and elevated 
temperatures encountered in deeper reservoirs . Selection of a given gelant strongly 
depends on temperature, salini ty and hardness level of the water used for polymer 
preparation as well as the l i thology of the reservoir. Other factors that affect the 
selection of a gelant include the type of conformance problem as well as the cost of 
such treatment. To insure a successful treatment, one needs to thoroughly evaluate the 
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gel ling y tern of the choice in the laboratory before using it in the field. Furthermore, 
it i trongly recomm nded that the gel l ing ystem be tested on site with the water and 
all chemical to be u ed in the field before the gel treatment i s  commenced. (Ahmad 
Moradi- raghi,  2000). 
2.6.  Polyacrylamide for [ EOR]  
The role of  the polymer i n  most EOR field applications is to increase the 
Vl 0 ity of th aqueous pha e. This increase in vi cosity can improve sweep 
efficiency during enhanced oil recovery processes. In dri l l ing fluids, the solution 
rheology is very important. hear thinning fluids are desired that can suspend dri l l ing 
cuttings at low shear rates, but offer l ittle resistance to flow at high shear rates. 
(MacWill iams et aI, 1 973) [64 ] .  
The idea of using water-soluble associating polymers in improved o i l  recovery 
one that followed se eral phases of polymer development in the coatings industry. 
However, the first associating polymers were prepared as models to mlmlC 
conformation behaviour of proteins Strauss and Jackson, 1 95 1 ) . [65]  
orne of the first hydrophobically-modified water-soluble polymers were 
prepared by part ial  esterification of maleic anhydriderstyrene copolymers with 
nonionic ethoxylated alcohol surfactants. These polymers were developed as part of a 
program to address deficiencies in coatings rheology. However, susceptibil i ty to 
thermal degradation and alkal ine hydrolysis l imited their use. This problem IS 
common to long chain polyethers, which decompose in the presence of oxygen, 
especial ly at high pH values. (Emmons and Stevens, 1 983) .  [66] 
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Thu , the large t market initially wa in water-based coatings. Acrylamide­
ba ed hydrophobically a ociating polymer were e tensively developed in the 1 980s. 
pplications for enhanced oil recovery were pursued because of the large market 
potential that e i ted. e eral patents have been issued for the use of associating 
polymers in lOR. (Evani, 1 9  9). [67] 
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Chapter Three 
Materials and 
Sample 
Preparation 
Materials and sample preparation 
3 . 1. M aterials 
The reagents used in this study were Acrylamide (AA) obtained from 
( ldrich), Potassium Persul fate (K2S20S), Nitrogen gas, Vinyl Neodecanoate (VN), 
2,2'-Azobis(isobutyronitri le) (AIBN) Sodium dodecyl sulphate (SDS), Methanol, 
and deionized water. 
3.2 .  Synthesis of Polyacry lamide ( P  AA) 
3.2 . 1  I ntroduction 
Polyacrylamide homopolymers derive their uti l i ty from their long chain 
lengths and expanded configuration in aqueous solutions. As such they are used 
primari ly for soil stabi l izer, water modification purposes and oil recovery. The amide 
subsistent groups are capable of undergoing most of the reactions characteristic of 
their smal l molecule counterpart. By comparison, the polymer backbone is relatively 
inert, although is susceptible to attack from strong oxidizing agents, such as persulfate 
and peroxides. [68] 
In  free-radical chain polymerization, an initiator potassium persulfate is 
caused to decompose via thermal energy, forming one or more free radicals. The 
radicals wil l  then react with a vinyl monomer, CH2=CH-R, which leads to an adduct 
where the unpaired electron, or radical, is now on the CH-R carbon. This  radical then 
reacts with another monomer in a chain reaction which leads very quickly to a high 
molecular weight material, and polyacrylamide are produced in this process. Aqueous 
solutions of high molecular weight polyacrylamide ( � one mil l ion Daltons) 
experience a decrease in intrinsic viscosity with standing time. This "ageing" 
phenomena has been interpreted as evidence of an intramolecular hydrogen bond 
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rearrangement to a less extended structure. The flocculation efficiency is however 
unaffected by the decrea e in molecular size. [69] 
3.2.3 Polymerization of Acrylamide 
3.2 .3. 1 M echanism of the homopolymerization of acrylamide 
Radical chain polymerization is a chain reaction consisting of three sequential 
teps' initiation, propagation, and tennination (by combination or disproportionation). 
3.2.3.2 I nitiation 
The first part of polymerization initiation reaction begins with the initiation 
step which is the fonnation of free radicals. This research proceeds through the 
decomposition of the initiator potassium persulfate( K2S208) as shown in equation 3 . 1  
\' here Ki t i s  the rate constant for the dissociation in initiation step 1 .  
2-
0 
I I  0 I I  0 -- s -- o  0 KJ I * 
I I  \ I I .. 2 0 -- s -- o I I  0 O -- s -- 0  
I I  0 
0 
(3 . 1  ) 
Following the fonnation of free radicals, the second part of the initiation step 
involves the addition of these free radicals to monomer molecules acrylamide (AA), 
CH2CHCONH2. The fonnation of a polymer chain via radical addition to a vinyl 
monomer is i l lustrated in equation 3 . 2  where Ki2 is the rate constant for the initiation 
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step 2 .  Polymerization consists of the successive addition of monomer molecules to 
the polymer chain. 
0 
" 
CH2 = C H  -- C  
3.2 .3.3 Propagation 
0 
* I I  
-- N H2 + 0 -- S --O 
I I  
0 
o 
I I  
o --S --0 -- CH2-- 'CH 
I I  I 
o O = C 
I 
N H2 
(3 .2)  
K'2 
� 
Upon initiation, the chain then grows via propagation, as shown in equation 
3 . 3  where Kp is the rate constant for propagation. Propagation consists of the growth 
of a chain initiation species (-CH2·CHCONH2) by the additions of large numbers of 
monomer molecules (CH2CHCONH2) in which each addition creates a new radical 
increasing by one monomer unit and so on. 
4 1  
o 
I I  
o 
I I  
o -- s -- 0 -- CHZ-- ·CH + CH2 =CH -- C -- NHz 
/ I  I o o= C 
I 
NHz 
o 
I I  
o -- s -- 0 -- CHZ-- CH -- CH2--
·CH 
" I I o o= C o= C 
(3 .3)  
3.2 .3.4 Termination by combi nation 
I I 
(and so on) 
Kp 
At some point, the propagating polymer chain stops growing and terminates as 
i l lustrated in equation 3 .4 .  Termination with the annihilation of the radical centres 
occurs by bimolecular reaction between radicals. Two radicals react with each other 
by combination where Kc is the rate constant for termination by combination. This  
wil l  lead to  double the molecular weight of the final polymer. 
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S04-- CH2-- CH -- CH2--
'CH + 'CH -- CH2-- CH -- CH2-- S04 
I I 
O= C O= C 
I I 
NH2 NH2 
H 
I I 
C = O C = O 
I I 
N H2 NH2 
S04 -- CH2-- CH -- CH2-- C -- CH -- CH2-- CH -- CH2-- S04 
I I I I 
O= C O = C C = O C = O 
I I I I 
NH2 N H2 NH2 NH2 
(3 .4) 
3.2.3.5 Termination by disproportionation 
In the disproportionation process a hydrogen radical that is beta to one radical 
center is transferred to another radical center. This results in the formation of two 
polymer molecules one saturated and other is unsaturated as shown in equation 3 . 5  
where l<tp is the rate constant for the termination by disproportionation. 
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S04-- C H2-- CH -- CH2--
'CH + 
I I 
O= C O= C 
I I 
N H2 N H2 
S04-- C H2-- CH -- CH =CH + 
I I 
O = C O = C 
I I 
N H2 N H2 
• CH-- C H2-- CH -- CH2-- S04 
I I 
C = O C = O 
I I 
NH2 N H2 
CH2-- CH2-- CH -- CH3 
I I 
C = O C = O 
I I 
NH2 N H2 
Polyacryla mide Obta ined t-- C H2-- CH --) 
I n 
O= C 
(3 . 5 )  
3.2.3.6 Copolymerization of Acrylamide w i t h  Vinyl Neodecanoate : 
Polyacrylamides are water soluble polymers that have been previously 
disclosed in the l i terature and have found appl ication in viscosification of aqueous 
solutions. This is achieved through a combination of high molecular weight and chain 
expansion due to repulsion of pendant ionic groups along the polymer chain. 
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Howe er high molecular weight polymers present wel l  known difficulties in 
manufacture and subsequent processing because of their irreversible degradation 
when exposed to conditions of high shear such as would be obtained in the usual 
stirring de ices. Moreover, the presence of pendant ionic groups leads to solution 
propertie , which are markedly influenced by the presence of dissolved cations. In 
particular, the viscosity of solutions of these polymers usually decreases strongly 
upon increasing concentrations of brine. 
An alternative method has been found for providing polymers which viscosity 
water of brine at low concentrations. This method relies on the incorporation of small 
amount of hydrophobic groups into a polymer with a water-soluble backbone. These 
hydrophobic groups tend to associate with another in an aqueous solution, and when 
the association occurs interrnoleculary, the solution viscosity may be increased 
relative to the polymer without the hydrophobic side groups. An additional benefit i s  
that the solution viscosity i s  relatively insensitive to  salts because the hydrophobic 
groups are not ionic . 
3.2.3.7 Synthesis of Polyacrylamide 
3.2 .3.7. 1 Experimental method of homoplymerization of Acrylamide.  
Acrylamide was polymerized by radical addition mechanism 111 aqueous 
solution. The reaction proceed at moderate temperature between (50-60 0e) . 
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Thermocouple--· 
Mechanical Stirrer 
L'+-- Initiator injector .--=N 2'  
in 
Figure 3 . 1 a: The schematic experimental setup of the reactor. 
Figure 3 . 1 b: The experimental setup of the reactor. 
The polymerization reactor was charged with the required amount of 
deionized water then the water was heated to moderate temperature; Nitrogen gas (N2) 
separately was bubbled through the solution for ten minutes as shown in figure 3 . l a-
3 .2b. This  helps evacuate the oxygen (02) from the water which acts as an inhibitor 
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for the polymerization reaction so it is important at this stage to remove it completely. 
The required amount of acrylamide was dissolved in 50 ml of degassed water then it 
being tran ferred into the reaction vessel. Nitrogen was also bubbled through an 
aqueous acrylamide solution within the reactor; the mixture was kept at a constant 
moderate temperature (40-60 0c) with continuous stirring and under a nitrogen purge 
for 1-2 hrs to ensure a complete removal of trapped air. 
As soon as the temperature reached its required point and the mixture was 
homogeneous, an aqueous solution of the initiator, potassium persulfate (K2S208), 
was prepared by dissolving the required amount in 25 ml of water were added into the 
reactor to initiate the reaction. The reaction was carried out at the required 
temperature for 1 -4  hrs with continuous purging of nitrogen and vigorous stirring. At 
the end of the reaction, a viscous polymer solution was formed. The mixture cooled 
down to room temperature . The aqueous polymer solution or gel-l ike samples were 
pTecipitated into a large excess of methanol. The polymer was added very slowly at 
the beginning into the flask with the methanol. The polymer started to precipitate 
immediately. To avoid a disturbance of the stirring, the precipitated polymer taken 
every five m inutes and put in another flask of cold methanol to remove umeacted 
monomers. The polymer was then washed in a large excess of methanol the solid 
polymer was recovered by filtration after repeatedly washed with methanol under 
stirring and dried. Then the sample was stored in the vacuum oven at ambient 
temperature (30°C) for about 20 hours. Finally the yield was calculated. 
The polyacrylamides synthesized with different composition of monomer and 
initiator are l isted in table 3 . l .  
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Table 3 . 1 :  List of formulation of Polymerization. 
Sample Acrylamide K2S2Og Water Temperature Time Yield 
arne (g) (g) (mL) (0C) (hr) % 
PAA 1 34 0 .2 300 60 1 80 
PAA 2 1 0 .3  0.05 400 60 3 78 
PAA 3 23 .2 0.2 400 SO 1 . 5 84 
PAA 4 1 90.4 0.222 400 SO 1 80 
PAA 5 68 .7 0 .0 1 47 300 SO 3 92 
PAA 6 57.2 0.05 1 300 SO 2 89 
PAA 7 40.003 0.008 1 4  300 SO 4 9 1  
PAA 8 57 . 1 5  0 .00 1 9  300 60 3 92 
PAA 9 34.4 0 .0074 300 SO 4 96 
3.2.3.7.2 E xperimental method of coplymerization of Acrylamide 
A 750 ml  resin flask was equipped with a water condenser, thermometer, 
mechanical stirrer, as well as a nitrogen inlet. The flask was flushed with nitrogen for 
1 5-30 minutes. Then AA ( 1 6 .9 g), VN (2 . 5  g), SDS (20 g), and water (500 g) was 
added to the reactor. After 1 5-30 mintues, a homogeneous, water c lear mixture 
resulted. I t  was then heated to 50°C. And 0. 1 g of AIBN initiator was added. The 
reaction was allowed to proceed for ( 1 . 5-5 .5 )  hours, after which the mixture was 
cooled and precipitates with methanol as discussed for homopolymer. 
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3.3. M aterial Characterizatio n :  
3.3. 1 .  Visco ity Analy i 
3.3. 1 . 1 .  I ntrinsic v iscosity 
The molecular weight of polyacrylamide was measured using viscometeric 
method which is one of the most precise measurements in polymer science, the 
implest and cheapest. Intrinsic viscosity which i s  measured from the flow time of 
the polymer solution and the pure solvent through a simple glass capi l lary at specified 
conditions of temperature and concentration. [70] 
3.3. 1 . 1 . 1  Tbe Ubbelobde capi l lary viscometer 
The Ubbelohde viscometer , figure 3 .2a is the most useful kind of viscometer 
for determining intrinsic viscosity. 
Little bulb, whose 
volume = V. 
Q = V/tnow 
B 
A :  Plug while drawing 
fluid into capil lary 
�-+-:r-D: Timing l ines 
+- C: Pressure 
equil ibration arm 
Capil lary 
� Big BulblReservoir 
Figure 3 .2a :  The Ubbelohde viscometer. 
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I� 
Figure 3 .2b: The schematic viscometery set-up. 
The viscometry set-up is shown in figure 3 .2b and figure 3 .4 which consisted 
of a water bath and the viscometer immersed at constant temperature. 
The solution was dropped from the 
a � first l ine marked a to the second 
l ine marked b 
Figure 3 . 3 :  Timing l ine of the viscometer. 
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Figure 3 .4 :  The viscometery set-up experiment. 
The first thing have done is the measuring the efflux time of the pure solvent to 
at constant temperature 30°C and the average of five times was taken. Then the 
average of four repeat measurements for efflux time of the polymer solution was 
called t at a given concentration which had been expressed in glml at 30°C and 
dividing it by to the efflux time for the pure solvent then the relative viscosity 1Jr was 
calculated and shown in Equation 3 .6  
(3 .6) 
Subtraction of the efflux time of the pure solvent, to from the efflux time of the 
solution, t was taken. Then the answer was divided it by to to give the specific 
viscosity shown in equation 3 . 7. 
t - t 
1Jsp = __ 0 to 
( 3 . 7) 
5 1  
The spec ific viscosity was di ided by the concentration of the polymer 
solution and the reduced viscosity was calculated as shown in equation 3 .8 .  
Tt sp 
Ttr = ­c 
(3 . 8) 
The reduced viscosity were plotted on the y-axis, and concentration on the x-
axis, and obtained l ine was extrapolated to c = O. A typical plot is shown figure 3 . 5 .  
The slope o f  the plot was cal led k'. We also extrapolate back to zero concentration, 
and call the y-intercept the intrinsic viscosity. An equation in slope intercept form is 
known as y = mx + b, where m is the slope of the line and b is the y-intercept. [7 1 ]  
'lred 1 
[T] ] 
y = mx + b ( 3 .9) 
7] "J = k T 7] J 2 + [ 7] J  
(one entration 
Figure 3 . 5 :  The plot of reduced viscosity vs. concentration. 
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From the equation 3 . 1 1  k'(1)f is ,a, the slope of the l ine; and [1) ]  is ,b, the y­
intercept. The intrinsic viscosity [ 1) ]  was used to calculate the molecular weight by 
using Mark-Houwink equation shown in equation 3 . 1 0  
(3 . 1 0) 
Where M i s  called the viscosity average molecular weight, K and a are the 
Mark-Houwillk constants. There is a specific set of Mark-Houwink constants for 
every polymer-solvent combination. So the polymer-solvent combination of the 
polyacrylamides samples was obtained from the polymer handbook in order to get an 
accurate measure of molecular weight. For this experiment the Mark-Houwink 
constants equaI 6 .3 1 x l O-3 mUg with a =0.8  and 1 x 1 0-2 m l/g with a = 0.775 for 25 and 
30 DC, respectively. [ 72] 
3.3. 1 . 2. Shear V iscosity 
3.3. 1 .2 . 1  Defi nit ion of a N ewtonian flu id  
Consider a thin layer of a fluid contained between two parallel planes a 
distance dy apart, as shown in figure 3 .6. Now, i f  under steady state conditions, the 
fluid is subjected to a shear by the application of a force F as shown, this wil l  be 
balanced by an equal and opposite internal frictional force in the fluid. [73 ]  
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Figure 3 .6 :  Schematic representation of unidirectional shearing flow. 
For an incompressible Newtonian fluid in laminar flow, the resulting shear 
tress is equal to the product of the shear rate and the viscosity of the fluid medium. In 
this simple case, the shear rate may be expressed as the velocity gradient in the 
direction perpendicular to that of the shear force, i .e. 
F ( dV\" ) . 
- = Tv.\" = 11 . - -- = �i.y"x A ·  dy . (3 . 1 1 )  
Note that the first subscript on both T and 'Y indicates the direction normal to 
that of shearing force, while the second subscript refers to the direction of the force 
and the flow. By considering the equil ibrium of a fluid layer, it can readi ly be seen 
that at any shear plane there are two equal and opposite shear stresses-a positive one 
on the slower moving fluid and a negative one on the faster moving fluid layer. The 
negative sign on the right hand side of equation (3 . 1 1 )  indicates that 7 yx is a measure 
of the resistance to motion . One can also view the situation from a different 
standpoint as: for an incompressible fluid of density p, equation ( 3 . 1 1 ) can be written 
as: [73 ]  
1.1 d 
Tvx = - - - (p Vx )  . p dy (3 . 1 2) 
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3.3. 1 .2 .2  on-Newtonian fluid behaviour  
A non- ewtonian fluid is one whose flow curve (shear stress versus shear rate) is 
non-l inear or does not pass through the origin i .e. where the apparent viscosity, shear 
stress di ided by shear rate, is not constant at a given temperature but is dependent on 
flo\: conditions such as flow geometry, shear rate, etc . and sometimes even on the 
kinematic history of the fluid element under consideration. Such materials may be 
conveniently grouped into three general classes: 
1 .  fluids for which the rate of shear at any point is determined only by the value 
of the shear stress at that point at that instant; these fluids are variously known 
as ' time independent ' .  
2 .  more complex fluids for which the relation between shear stress and shear rate 
depends, in addition, upon the duration of shearing and their kinematic 
history; they are cal led ' time-dependent fluids ' ,  and finally, 
3 .  substances exhibiting characteristics o f  both ideal fluids and elastic sol ids and 
showing partial elastic recovery, after deformation; these are categorised as 
'vi sco-elastic fluids ' . [74] 
3.3. 1 .2.3 Ti me-independent fluid behaviour 
I n  simple shear, the flow behaviour of this c lass of materials may be described 
by a constitutive relation of the form, 
(3 . 1 3) 
or i ts inverse form, 
(3 . 1 4) 
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This equation impl ies that the value of r xy at any point within the sheared fluid i s  
determined only by the current alue of shear stress a t  that point or  vice versa. 
Depending upon the form of the function in equation (3 . 1 3 )  or (3 . 1 4), these fluids 
may be further subdivided into three types: 
(a) shear-thinning or pseudoplastic 
(b) iscoplastic 
(c) shear-thickening or dilatant 
Qualitative flow curves on l inear scales for these three types of fluid behaviour are 
shown in Figure 3 .7 ;  the l inear relation typical of Newtonian fluids is also 
included. [74] 
(/) (/) Q) '­........ (/) 
'-co 
Q) ..c 
(j) 
Yield-
Shear rate 
Figure 3 . 7 :  Types of t ime -independent flow behaviour. 
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3.3. 1 . 2 .4 Brookfield vi co meter experiment 
The Brookfield Viscometer model LV DV-I I+ was used to detennine the shear 
vi cosity of the polymer sample. The Brookfield Viscometer applies Hook 's law (The 
force on the spring stretches it by a distance x given by Hooke's law F=-kx) to the 
attached spring to calculate the torque produced by the liquid between the concentric 
cylinders. 
The measurements of viscosity and the nature of VISCOUS flow wil l  be 
introduced. Solution viscosity is examined as a function of concentration and shear 
rate at a constant temperature. 111e procedure is given for the Brookfield instrument, 
which is a viscometer of the so-cal led rotating-cylinder type. To each model of 
Brookfield viscometers belongs a certain set of spindles. These spindles vary only in 
the size and shape of the spindle body. Each spindle has at its upper end a coupling 
nut where it i s  attached to the viscometer by a screw system. Each spindle also has a 
mark at the shaft to which it i s  to be immersed in the fluid to be measured. 
The Brookfield viscometer Model DV - I I+ with smal l sample adapter as shown 
in figure 3 . 8  rotates a cylinder or disc in a fluid and measures the torque necessary to 
overcome the viscous resistance to the inducted movement. The degree to which the 
spring is wound, indicated by the red pointer on the viscometer's dial, is proportional 
to the viscosity of the fluid for a given speed and spindle. 
57  
Figure 3 . 8 :  The Brookfield viscometer set-up. 
The spindle is inserted in the test material unti l the fluid's level reaches the 
immersion mark on the spindle's shaft at constant temperature. The motor speed were 
turned on then readings of viscosity in centipoises, cp, are measured versus shear 
rate. 
To start the experimental part the viscometer was cal ibrated with a Newtonian 
liquid at certa in temperature. A series of solutions for a l l  prepared P AA samples and 
commercial samples were prepared in weight percent. 
At a constant temperature of 30 °C, pour the polymer sample into the 
viscometer cell .  For the first series of measurements leave the viscometer to reach the 
required temperature. Polymer solutions of various concentrations were run under the 
Brookfield viscometer to determine their cp, or mPa.s, values and percentage 
maximum torque at varying shear rate by plotting the viscosity or shear stress of the 
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polymer olution at 30 °C against its shear rate as shown in figure 3 . 9  to show the 
polymer flow behaviour. 
z-
(/) 
o 
u 
.5Q 
> 
..... 
c 
(l) � 
ro 
a. 
a. 
« 
shea r-th i nni ng flui d 
S he a r  Ra te 
Figure 3 . 9 :  Plot of viscosity versus shear rate display shear thinning behaviour. 
At a given concentration of polymer solution, the temperatures of the solution 
\J ere varied from 25 -40 °C in order to observe how the viscosity of the polymer 
solution changes with varying temperatures. Plotting the viscosity of the polymer 
solution of known constant concentration against the solution temperature (in 0C), the 
behavior of the viscosity of the solution with respect to the solution temperature was 
obtained. 
At constant concentration of P AA samples and constant temperature, a 
variable amount of NaCI salt was added. The viscosity of the tested polymer solution 
was obtained in cpo Flow behavoir of a given polymer solution within different 
concentrations of NaCI, can be investigated by Plotting the viscosity versus shear 
rate . [75]  
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3.3.3. Tbemogravimetric analysi (TGA) 
Thennogravimetric analysis (TGA) was prefonned under a nitrogen atmosphere and 
heating rate of l OoC/min using TA instruments GA 2950 with a balance sensitivity of 
0. 1 microgram and accuracy better than 0. 1 %. 
3.3.4. N uclear M agnetic Resonance (NMR) Analysis 
I H MR spectra of the polyacrylamide in water were recorded at 27°C with a Jeol 
model JNM-LA 300 FT-NMR and JNM-300MHZ NMR spectrometer. 
3.3.5. Fou rier Transform I n fraRed (FTI R) Spectroscopy 
FTIR spectra of the polyacrylamides were recorded in transmission mode with a 
icolet FT-IR Magna-IR 560 system. 
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Chapter Four 
Results and 
Discussion 
4.1. Viscosity Analysis 
4. 1 . 1 .  I ntrin ic iscosity 
All polymers increase the viscosity of a pure solvent in which they are 
dissol ed. This increase allows for a convenient method of determining the molecular 
weight of polymers. 
A series of solutions of tested polymer was prepared with di fferent 
concentration in weight percent in deionized water at 30°C. To investigate the 
molecular weight of the prepared polymer the Ubbelohde viscometer was used and 
applying Mark-Houwink equation as described in chapter 3 page 47. The viscosity 
determination of prepared P AA 7 sample The programmed excel file was used to 
calculate the molecular weight (Mv) of the P AA 7 as shown in table 4 . 1 and figure 4 . 1 
with Mv for the PAA7 of 3 .284 x l 04 glmo!. 
1 00 
90 
,-.. 80 
eo ;::; 
"0 
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u 70 
c 
0 
u 60 
.q 
tI) 
0 50 <.> 
. �  
> 
<.> 40 <.::: . ;:; <I) 
0.. 
U) 30 
• 
20 
1 0  
0 0 . 1  
y = 57 .558x + 25 .889 
R2 = 0.9804 
• 
0 .2  0.3 0.4 0.5 0.6 0.7 
Cone . ,  (g/dl) 
Mv (g/mol) =3.284E+04 
0.8 0.9 1 . 1  
Figure 4 . 1 :  Viscosity determination of PAA7. 
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1 .  
Table 4. 1 :  Molecular weight measurement of PAA7 
M olecular  \Veight measurement using a visco meter 
Date : 1 3/0 1 12003 
Sample 1 0 : PAA7 
olvent : Water 300 ml S OS : None 
I n itiator : 0.008 gm AA : 40.0035 gm 
Conversion : 9 ]  Wt% Time 4 h r  
To = 80 s 
Concentration Time A verage Time Viscosity V iscosity/Cone 
(seconds) (seconds) (mUg) 
1 .00E+00 6680 6679.75 82.496875 82.496875 
6679 
6680 
6680 
2.50E-0 1 982.34 982.3225 1 1 .27903 1 25 45. 1 1 6 1 25 
982.35 
982.3 
982.3 
1 .25E-O I  409 408.25 4. 1 03 1 25 32.825 
408 
408 
408 
6.25E-02 209.29 209.29 1 .6 1 6 1 25 25 .858 
209.3  
209.28 
209.29 
Cone viscosity/cone K (ml/g) = 6.3 I E-03 
1 82.496875 N =  6.3 1  E-03 *MV"O.8 
0.25 45. 1 1 6 1 25 Mv"0.8 = 4 1 02.8645 2 1  
0. 1 25 32.825 Slope= 57.55805 1 8 1 
0.0625 25 .858 Intercept (ml/g) = 25.889 
M v  (g/mol) = 3.284E+04 
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The empirical equation ['7 ] = KM G relates molecular weight to intrinsic 
vi co i ty, K and a are 6.3 1 x l O-3 ml/g with a =0. 8  and 1 x 1 0-2 mUg with a = 0.775 for 
25 and 30 °C, re pectively. The spec ific iscosity, ." of polymer solutions of known 
concentration were measured by comparison of solution and solvent flow times. From 
intercept on the ordinate of the graph of reduced viscosity (." / concentration) versus 
concentration, the value of intrinsic viscosity [ .,, ]  was obtained and used as a 
comparati e measure of molecular weight. 
The prepared co-polymer COP AA VN-4A has a higher molecular weight than 
homopolymer as i l lustrated in table 4 .2  and figure 4 .2  with a Mv = 1 . 759 X 1 06 glmo!. 
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> 
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550 �--�--�--�---+--�----r---+---�--� 
4 .00E- 6.00E- 8 .00E- 1 .00E- 1 . 20E- I AOE- 1 .60E- 1 .80E- 2 .00E- 2.20E-
04 04 04 03 03 03 03 03 03 03 
Cone. ,  (gldl) 
Figure 4 .2 :  Viscosity determination of COPAA VN-4A. 
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Table 4.2 :  Molecular weight measurement of COP AA VN-4A. 
M olecular Weight measurement using a viscometer 
Date : 22107/200 1 
Sample r o : COPAA VN 5-4A 
oh ent : Water 500 ml SDS : 20.0 gm 
1 nitiator : 0 . 1 0gm AA : 1 6.9 g m  
Conversion : 86 Wt% VN : 2.5 g m  
Time 4 h30 
To = 1 8 1 . 303 s 
Concentrat ion Time Average Time Viscosity Viscosity/Cone 
(seconds) (seconds) (ml/g) 
2.00E-03 455.5 455.295 1 .5 1 1 238093 755 .6 1 90466 
455.5 
455 .09 
455 .09 
1 .50E-03 372.56 37 1 .885 1 .05 1 1 795 1 7  700.7863448 
372.56 
37 1 .2 1 
37 1 .2 1  
1 .00E-03 297. 1 2  297.785 0.64247 1 443 642.47 1 4428 
297. 1 2  
298.45 
298.45 
7.5 1 E-04 264 . 1 264.2 0.457229059 608 .8269754 
264. 1 
264.3 
264.3 
0.0005003 235. 1 7  233.53 0.28806473 1 575.7839924 
235 . 1 7  
23 1 .89 
23 1 .89 
Cone viscosity/cone K (ml/g) = 1 .00E-02 
\ 'OE-
2 .00E-03 755.6 1 90466 N =  02* MI\0.755 
0.00 1 5  700.7863448 M1\0.755 = 5 1 909.439 1 1  
1 .00E-03 642.47 1 4428 Slope= 1 1 9627.8835 
7.5 1 E-04 608.8269754 Intercept (ml/g) = 5 1 9.094 
0.0005003 575 .7839924 M (g/mol) = 1 .759E+06 
Table 4 .3  shows the molecular weight variations for al l  homopolymer of 
polyacrylamides samples between the range of 6.635 x l  02 - 3 .284 x l 04 glmol . These 
variations are due to the experimental conditions for more detai l  see table 3 . 1  chapter 
three. 
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Table 4.3 : Molecular weight variations for all prepared polyacrylamide samples. 
Pol mer Sample Molecular weight (glmol) 
PAA I 5 . 394 x l 03 
PAA2 4 . 546 x l 03 
PAA3 6 .635 x l 02 
PAA4 4. 564 x l OJ 
PAA5 4 . 582 x l OJ 
PAA6 2 . 1 23 x l O" 
PAA7 3 . 284 x l  0" 
PAA8 3 .058 x l 04 
PAA9 1 .006 x l O" 
COP AA VN5-4A 1 .759 x l Ob 
The molecular weight of copolymer sample COPAA VN5-4A was 1 .759 x l 06 
g/mo!. The molecular weight of al l  polymer prepared and examined are in the range 
of 6 .635 X 1 02 - 1 .759 x l 06 g/mo} as shown in table 4 .3  l isted in the Appendix. 
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4. 1 .2 bear Visco ity 
Rheology is  the most ensitive method for materia l  characterization because 
flo beha iour i s  responsive to properties such as molecular weight . Rheology 
mea urements are also useful in fol lowing the course of a chemical reaction 
Rheological measurements allow the study of chemical, mechanical, and thermal 
treatments of examined materials. 
Figure 4 . 3  shows the viscosity variation against shear rate. The viscosity 
behaviour of PAA l ,  PAA2, PAA3,  and PAA4 is almost the same and provides 
constant viscosity with a Newtonian behaviour. For polymer PAA6 provides non-
ewtonian behaviour with slight shear thinning. However, the polymer types of 
PAA5,  PAA9, PAA7, and PAA8 show a non-Newtonian behaviour of shear thinning. 
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Figure 4 .3 : Viscosities curves for a 0 .25% of all prepared polymer samples at 30°C. 
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The viscosity variation and shear stress versus shear rate of commercial 
polymer samples at constant temperature of 30°C can be shown in figures 4.4 and 4.5 
respectively. The three samples of COMPAA 1 275, COMPAA 1 285,  and COMPAA-
1 23 5  howed a strong decrease of viscosity with shear rate . This non-Newtonian 
behaviour of the polyacrylamide commercial samples showed strong shear thinning 
effect. 
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Figure 4 .4 :  Viscosity-shear rate plot of 0.0 1 6  % of COM P  AA at 30°C. 
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Figure 4 . 5 :  Shear stress-shear rate plot for 0 .0 1 6  % of COMPAA at 30°C. 
Mathematical models for shear-thinning flow behaviour were done by using 
the power law of Ostwald de Waele model as i l lustrated in chapter three. [73]  
According to the equations shown below: 
• 
(4. 1 )  
Where m and 11 are two empirical curve-fitting parameters and are known as the flow 
consistency coefficient and the flow behaviour index, respectively. For a shear-
thinning fluid, the n may have any value between 0 and 1 .  The smaller the value of n, 
the greater is the degree of shear-thinning. For a shear-thickening fluid, the index n 
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" i l l  be greater than unity. Table 4.4 showed the m and n values of commercial 
polymers. 
Table 4 .4 :  The m and n values for 0 .0 1 6  % commerc ial polymers at 30°e. 
Type nt, ( pa.s") 11,(-) Correlations 
coefficient( R2) 
COMPAA 1 275 0 .735 0 .478 0 .99 
COMPAA 1 23 5  0 .853 0 .436 0.99 
COMPAA 1 285 0 .636 0 . 507 0.99 
To investigate the concentration effect for the commercial polymer and 
prepared polymer, figures 4 .6  and 4 .7 show the viscosity and shear stress versus shear 
rate as a typical example of the other tested commercial polymers at constant 
temperature of 25°C and figures 4 . 8  and 4 .9 describe the viscosity and shear stress 
versus shear rate , respectively. The polymer concentration of both the commercial 
and prepared sample shows a significant effect on both viscosity and shear stress 
behaviours. The viscosity and shear stress increase strongly with polymer 
concentration over the polymer concentration range of 0 .002%-0.003% for 
commercial  sample COMPAA 1 275 and 0 .0 1 6%-0. 1 25% for prepared sample PAA8, 
respectively. Also, the shear thinning non-Newtonian behaviour of the commercial 
polymer and prepared polymer solutions are strongly affected by the polymer 
concentrations. 
Tables 4.5 and 4 .6  shows that the degree of shear thinning behaviour increases 
with polymer concentration for COMPAA 1 275 provides flow behaviour index of 
0 .379 and 0 .6 1 3  for polymer concentration of 0 .03 and 0.02%, respectively. Whereas, 
the n values for PAA8 are 0.985 and 0. 824 for concentration of 0.0 1 6  and 0 . 1 25% 
respectively. 
70 
60 
50 
40 
a. 0 
;i. 30 'f' 
'iii 0 0 'f' (J) 
:> 20 
... 
1 0  
. ... ... 
. . . .... 
. .  : 
0 
0 20 
'f' 
... 
I 
40 
... 
• 
60 
COMPAA 1 27 5  Concentration, % 
• 0.002 
• 0.004 
... 0.008 
... 0.03 
a 
80 1 00 1 20 1 40 
S h e a r  Rate , 5.1 
1 60 
Figure 4 .6 :Viscosity curves of COMPAA 1 275 as a function of concentration at 25°C. 
8 
C O M P AA  1 275  Concentration, % 
7 • 0 .002 
• 0 .004 
... ... 0.008 
6 'f' 0 .03 
... 
CO 5 ... 0.. 
vi ... (J) ... Q) 4 ... .b 
(f) ... .... 
L- ... • co 3 ... • Q) • 
£. • (f) • • • 
2 • • ... • 
• • ... • • 
... ... • 
... • • 
• • 
• • • 
• 
• 
0 
0 20 40 60 80 1 00 1 20 1 40 '1 60 
S h e a r  R a te , S - 1  
Figure 4.7: Flow behaviour of COMPAA 1 275 as a function of concentration at 25°C .  
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Table 4 . 5 :  The III and II for COMPAA 1 275 as a function of concentration at 25 °C. 
Concentration, % m,(pa.sn) 11, (-) Correlation 
Coefficient (R2) 
0 .002 0 . 1 1 0 0 .6 1 3  0 .99 
0 .004 0 . 1 83 0 . 577 0 .99 
0 .008 0 .268 0 . 567 0 .99 
0.03 1 . 88 0 .379 1 .0 
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Figure 4 . 8 :  Viscosity Curves of P AA8 as a function of concentration at 25°C. 
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Figure 4.9: Flow behaviour for P AA8 as a function of concentration at 25°C. 
Table 4 .6 :  The m and 11 for P AA8 as a function of concentration at 25 °C. 
Concentration, % 111, (Pa.sn) n,(-) 
Correlation 
coefficient R2 
0.0 1 6  0 .0 1 6  0.985 0.99 
0.03 0 .028 0.920 0 .99 
0 .06 0 .035 0 .964 0 .99 
0 . 1 25 0. 1 2  0. 824 1 .00 
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Figures 4 . 1 0  and 4 . 1 1  describe the temperature effect on viscosity and shear 
stre versus shear rate respectively for the flow behaviour of commercial sample 
COMPAA 1 275 at fixed concentration of 0 .0 1 6% with a temperature range of 25-
40°C. The flow behaviour decreases with increasing the temperature. The n value for 
COMPAA I 275 ample is 0 .487 at temperature of 25°C; however, it is 0 .457 at a 
temperature of 40°C as shown in  table 4.4 .  Similar temperature effect was 
investigated for the prepared 0. 1 25% PAA8 sample in figures 4 . 1 2  and 4 . 1 3  which 
represent the viscosity and shear stress versus shear rate, respectively. Regression 
analysis was carried out and i t  provides n value of 0 .8 1 4  at 25°C, wherase; n equals 
0 .830 at 40°C as reported in  table 4.5 .  Figures 4 . 1 2  and 4 . 1 3  show significant 
response for the temperature effect on viscosity and shear stress behaviours. 
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Figure 4. 1 0 : Viscosity curves for 0.0 1 6  % COMPAA 1 275 as a function of temperature. 
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Figure 4. 1 1 :  Flow behaviour for 0.0 1 6  % COMPAA 1 275 as a function of temperature. 
Table 4.7:  The m and n for 0.0 1 6  % of COMPAA 1 275 as a function of temperature. 
Temperatu re,O C lit, ( pa.sn) n, (-) 
Correlation 
coefficient R2 
25 0 .732 0 .487 0 .99 
30 0 .735  0.478 0 .99 
3 5  0 .729 0.466 0 .99 
40 0 .7 1 7  0 .458 0 .99 
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Figure 4 . 1 2 :  Viscosities curves for 0 . 1 25% PAA8 as a function of temperature. 
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Figure 4 . 1 3 :  Flow behaviour of 0 . 1 25% P AA8 as a function of temperature. 
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Table 4 .8 :  The III and Jl for 0. 1 25 % P AA8 as a function of temperature. 
Temperatu re,O C 111, ( pa.s") 11, (-) Correlation 
coefficient R2 
25 0. 1 24 0 .8 1 4  0 .99 
30 0. 1 1  0 . 822 1 .0 
35  0 . 1 03 0 . 824 1 .0 
40 0.094 0.830 l .0 
To study the flow properties of commercial polymer in present of NaCl 
concentration over a range of 0 -0. 1 25 g sodium chloride and at constant 
concentration of 0 .0 1 6% of COMPAA 1 275 at fixed temperature of 25°C , figures 
4 . 1 4  and 4. 1 5  represent the viscosity and shear stress versus shear rate of 0 .0 1 6% of 
COMPAA 1 275 at 25°C .  These figures show that the influence of NaCl is to decrease 
the values of viscosity and shear stress, respectively. This  is due to the abi l ity of the 
NaCI to decrease the apparent size of the polymer macromolecules and consequently 
to decrease the viscosity of polymer solutions. The flow behaviour index, n, increases 
significantly with NaCl concentration as i l lustrated in table 4 .6 ,  the index 11 equals 
0.47 1 at 0 g of NaCI and n equals 0 .933 at 0. 1 25 g of NaCl .  Figure 4 . 1 4  and table 4 .6 
indicate that the more addition of NaCl concentration causes the polymer flow to 
approach Newtonian behaviour. 
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Figure 4 . 1 4 :  Viscosity curves of 0.0 1 6  % of COMPAA 1 275 as a function of NaCl 
concentra tlon. 
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Figure 4 . 1 5 : Flow behaviour of 0 .0 1 6% COMPAA 1 275 as a function of NaCl 
concentration. 
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Table 4 .9 :  The III and /I for 0.0 1 6  % of COMPAA 1 275 as a function of aCI . 
aCI g Ill, ( pa.s") 11, (-) Correlation 
coefficient R2 
0 0 .765 0.47 1 0.99 
0 .0 1 6  0 .0769 0 .79 1 0 .99 
0.03 0 .0707 0 . 767 0 .98 
0 .06 0 .0366 0 . 877 0 .99 
0 . 1 25 0 .0262 0 .933 0 .99 
For prepared polymer sample of P AA8, figures 4 . 1 6  and 4 . 1 7  show the viscosity 
and the shear stress versus shear rate of 0. 1 25% of PAA8 at constant temperature of 
25°C over a salt range of 0 -0. 1 25 g aCI. There is a sl ight decrease of the viscosity 
and shear stress with adding 0.03 g of NaCI and any more addition of NaCI leads to 
slight increase of the viscosity and shear stress due to the increasing of the NaCI 
concentration itself. In table 4.7,  the index n equals 0 . 822 at zero concentration of NaCI 
and n equals 0 .797 at 0 . 1 25 g of aCt. 
When 0.03 g of NaCI is added to the prepared polymer P AA8 the viscosity 
decreases slightly due to the same influence reported for the commercial polymer. 
Beyond 0 .03 g of aCl ,  the apparent size of the polymer macromolecules ceases to be 
affected by NaCI .  Therefore, the more addition of NaCI leads to slight increase 
viscosity. 
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Figure 4. 1 6: Viscosity Curves 0. 1 25% of PAA8 as a function ofNaCl concentration at 25°C. 
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Figure 4 . 1 7 : Flow behaviour of 0. 1 25% of P AA8 as a function of NaCl concentration 
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Table 4 . 1 0: 0 . 1 25% PAA8 as a function of NaCl concentration at 25°C. 
NaCl, g 11l , ( pa.sO) It,(-) Correlation 
coefficient R2 
0 0. 1 1 9 0 .822 0 .99 
0.03 0 . 1 1 4 0 .829 0 .99 
0 .06 0. 1 2 1  0 . 820 0 .99 
0 . 1 25 0. 1 42 0 .797 0 .99 
4.2. Thermogravmetric analysis (TGA) : 
Since mechanical properties are largely influenced by morphology, the 
thennal properties of the polymers were investigated. Thennogravimetric analysis 
(TGA) has been used to examine the thennal stability of the polymers obtained. The 
thennal stabi l ity was examined over a temperature range 25-700 °C at heating rate of 
1 0 °C Imin and flow rate of 50 cm3/min of nitrogen gas. 
The degradation in nitrogen is in a four-step process, i l lustrated in figure 4 . 1 8  
which i s  the thennal weight loss curve for sample P AA2 . I t  was observed that the first 
weight loss occurs at temperature range 38  - 1 88 °C with 6 % weight loss which was 
the minimum weight loss fol lowed by 7 % weight loss at temperature range 1 88-225 
dc . The maximum weight loss (42%) occurs at 225-375 DC, the weight lost was 37% 
at temperature range 375-440 °C fol lowed by 5% weight loss at temperature range 
440-600 dc . The residue weight was 5% at 700 °C. 
Figure 4 . 1 9  shows the TGA thennogram of P AA9 which starts to degrade at 
temperature range 38-250 °C with 20% weight loss. The second weight loss was 20% 
at temperature range 250-360 DC, and a 55% of weight was lost. at temperature range 
380-470 dc . The residue was 5% at 700 °C 
The thermogram of the commercial sample COMPAA 1 285 is shown in 
figure 4 .20 showed that 20% occurs at temperature range of 30-275 DC, and 1 0% 
8 1  
weight loss at temperature range 275-325 DC. The maximum loss weight was 50% at 
temperature range 325-5 1 0  dc . The residue was 20% at 700 °C 
imi lar thermal degradations were observed for COPAA Vn5-4a as shown in 
figure 4 . 2 1  with 22% weight loss at temperature range 38-300 dc . The 1 3% weight 
10 s was obtained at temperature range 300-360 dc . The maximum weight 45% loss 
was around 360-450 DC, a 20% residue at 700 °C 
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Figure 4 . 1 8 : TGA thermogram of P AA2 .  
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Figure 4 . 1 9 : TGA thermogram of PAA9.  
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Figure 4.20: TGA thermogram of COMPAA 1 285 .  
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Figure 4 .2 1 :  TGA thermogram of COPAAVn5-4a. 
Table 4. 1 1 : The percentage of weight loss of al l  tested polymers. 
l ao Temp. 
2nd.weight 
Sample Type " eight Ra nge, 
los , % 
loss% ·C 
PAAl 6 3 3- 1 88 7 
PAA9 20 38-250 20 
COM PAA 1 28s 20 30-275 1 0  
COPAAVns-
22 38-300 1 3  
4a 
Temp. 
3'd .weight 
Range, 
loss, % 
·C 
1 88· 
42 
225 
250· 
55 
360 
275-
50 
325 
300-
45 
360 
84 
Temp. 
Range, 
·C 
225-
375 
360-
470 
325-
5 1 0 
360· 
450 
4th. weight 
loss, % 
3 5  
-
700 
Temp. Temp. Residue 
sth.weight 
Range, Range, at 
loss, % 
·C ·C 700·C,% 
375- 440-
5 5 
440 600 
- - 5 
- - 20 
- - 20 
Table 4 . 1 1  shows the weight loss data which were obtained for all samples 
inc luding the commerc ial and the copolymer. The first, second, and third onset of 
degradation temperatures were l isted . Also the 1 5\ 2nd, and 3rd weight loss percent, 
where available, were gi en to indicate the stabi lity of the polymer sample. Final ly, 
the residual weight is l isted in the final column. 
From the data given in table 4 . 1 1 ,  one can see that the degradation rate is vary 
with the type of the polymer, and can see that the higher the temperature at which the 
weight loss is smaller, the better resistance to thermal degradation. The higher residue 
content can be used as an indication of the stability of the polymer. 
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4.3 uclear Magnetic Re onance (NMR) Analysis 
Typical I H NMR of polyacrylamide show five characteristic peaks at l . 7- l .8 
ppm due to (-CH2-), 2 .3 -2 .4 (-CH-), 4.6 (D20) ppm, at the same time, the proton 
ignaJ of (-NH-) is shifted according to D20 solvent and disappeared. 
The inylic proton appears at 6 .2-6. 3 ppm as shown in figure 4 .22 for PAA2 and this 
is due to monomer traces. 
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Figure 4.22:  IHNMR spectrum of a polyacrylamide PAA2. 
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imilar I HNMR spectrum of a PAA9 sample were observed the CH2 peak at 
l . 667 ppm and the CH peak at 2 .2 1 39 ppm. The D20 solvent appears at 4.65 ppm as 
shown in figure 4.23.  
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Figure 4 .23 : I HNMR spectrum of a polyacrylamide PAA9. 
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I 
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For the commercial polymer of COMPAA 1 275 and COMPAA 1 285, figures 
4.24 and 4.25 re pectively show the characteristic peaks of CH2 at 1 .6 ppm and CH at 
2 .6 ppm for COMPAA 1 275 and slightly higher than COMPAA 1 285 which is 2. 1 7  
ppm. The D20 solvent peak appears at 4 .6 for both COMPAA 1 27 and 
COMPAA 1 285 .  
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Figure 4 .24 :  I HNMR spectrum of a polyacrylamide COMPAA 1 275.  
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Figure 4 .25 :  lHNMR spectrum of a polyacrylamide COMPAA 1 285 .  
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Figure 4.26 shows the l HNMR  spectrum for the copolymer sample of 
OPAA VNS-4a in which the CH2 peak observed at 1 . 7 ppm and CH at 2.3 ppm while 
the D20 solvent appears at 4.6 ppm. 
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Figure 4 .26 :  l HNMR spectrum of a polyacrylamide COP AA VNS-4A. 
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4.4 Fo u rier Transform I n fra Red (FT-I R) Spectroscopy 
The spectrum of polyacrylamide of a sample P AA2 and P AA9 was shown in figure 
4.27 and 4 .28  respectively. The broad peak at 3370-3200 cm- I resulted from the 
stretching vibration of NH existing in the structure -CO-NH-CH2-CH2-NH2. A 
stretching of CH2 peak appears at 2940 cm- 1 for C-H stretching vibration. It shows 
the characteristic a bsorption bands of imide group i .e.  C=Ostr at 1 660 cm - I  and the 
combination of the bending vibration of NH and the stretching vibration of C-N, 
which \ as apparently different from that of -CO-NH2 [at - 1 620 cm- I , O(N H2)] .  
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Figure 4 .27 :  FTIR spectra for PAA2. 
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Figure 4 .28 :  FTIR spectra for PAA9. 
I 1420 
1450 
N-H 1620 
1 500 1 000 500 
The FTIR spectra for commercial sample of (COMPAA 1 275) and for 
copolymer of (COPAA VN5-4A) were given in figures 4.29 and 4.30 respectively. For 
the comparison of a l l  the prepared and the commercial polymers, figures 4 .3 1 and 
4 .32  i l lustrated such differences if any. The assignment of the absorption bands are 
reported in  table 4 .9 .  
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Table 4. 1 2 : Absorption band assignment of the FTIR spectra of PAA. 
Wave Dumber, em-t Assignment 
3370 -CO-NH2 
3200 -NH2 
2940 -CH2 
1 660 C=O 
1 620 -NH2 
1 450 -CH2 
1 420 C-N 
1 20,-
----------------------------------------------, 
1 00 
80 
:::R o 
(l) u 60 c co 
::::: 
'E 
(/) 40 c co 
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I-
20 
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4000 
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W ave n u m bers, cm'1 
Figure 4.29 :  FTI R  spectra for COMPAA 1 275 .  
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Figure 4 _30 :  FTIR spectra for COPAA VNS-4A. 
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Figure 4 _3 1 :  FTI R  spectra for homo polymers, copolymer, and the commercial 
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Figure 4 .32 represent the FT-IR spectra for different samples nonnally l inear 
polymers (P AA2,P AA6,P AA8 and P AA9), and these commercial ones 
( OMPAA 1 275 and COMPAA I 285), and finally the copolymer (COPAAYN5-4A). 
The peaks for al l  prepared samples were assigned as previously. It  is difficult to make 
a proper peak assignment of the commercial samples due to the limited information 
obtained from the supplier. 
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Figure 4 .32 :  FTIR spectra for al l  prepared polymers and the commerc ial polymers. 
95 
Chapter Five 
Conclusion 
and 
Recommendations 
5. 1 .  Conclusion : 
This chapter summarizes the main conclusions of this thesis. 
owadays leading oil and gas producing companies are investing a large some 
of capital into the development of non fossil energy like biomass, wind and solar 
energy. On the other hand numbers of these companies are continued in developing 
techniques to make energy recovery more efficient by stretching the l i fe span of fossil 
resources. One of the more mature techniques to improve oil  recovery efficiency is 
polymer flooding, where polymer solutions are injected into oil wells to pressurize the 
well thereby sweeping more oil .  The high viscosity attained by dissolving polymers in 
water makes oil displacement more efficient compared to conventional water 
injection. 
For an effective appl ication of the above-mentioned technologies, knowledge 
of polymer flow behaviour and retention behaviours, in porous media is very 
important and indispensable. Apart from oil-related applications, this field of research 
is also important for many other industries, but nerveless it is still not we11 
understood. The main reason for this is the complex relationship between water 
retention behaviour and rheology of the polymer solution. The aim of this work is 
fulfil led by contributions to the understanding of the rheological behaviour of 
polymer solution and the chemistry of water soluble polymer. 
Based on the rheological and thermal properties established in this work, it is 
reasonable to assume that the polyacrylamide prepared in this research, either by Gel 
or Solution processes, can satisfactory be used in tertiary oil recovery process and also 
for stabil ization oi l  wel l .  The FTIR and I HNMR characterization of the polymer have 
confirmed the structural make-up of these polymers including the commercial 
samples. Solution viscosity experiment is a time consuming test and required accurate 
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time measurements in order to accurately determine the viscosity average molecular 
weight My. This is a relative method which total ly dependant on (a), and (k) constants 
also on the type of solvent, polymer and temperature used for the test. The molecular 
weight values calculated from solution viscosity seems to be on the lower side when 
compared with the estimate value during the experimental calculation. This may be 
attributed to the lower dissolution rate of the polymer in water and also due to the 
possibil ity that the polymerization reaction stopped short of ful l  completion due to 
high viscosity. Rheological measurements showed a marked dependency on polymer 
concentration, salt content, and temperature. All polymers showed a shear-thinning 
non-Newtonian in which this behaviour would be enhanced with polymer 
concentration . On the other hand, the temperature would decrease the non-Newtonian 
behaviour. The flow properties of the polymer also influenced by the Sodium chloride 
concentration in which any further addition above a critical concentration value, a 
shear-thicken effect would be resulted. 
This research provided valuable evidence about the feasibi l i ty of producing 
water-soluble polyacrylamide in particular l inear polyacrylamide and its copolymer 
with a satisfactory flow and thermal properties. The objectives set out at the 
beginning of this research have been met with the completion of al l  synthesis and 
characterisation processes. 
As a final conclusion, the polymers synthesised here and those obtained 
commercial ly were successful ly characterized and the results were adequately showed 
the potential of using these polymers in a tertiary oil  recovery process. 
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5.2.  Reco mmendations and future work: 
It would be advantages to try and synthesis higher molecular weight sample 
preferably in the region between one to three mil lion glmol since the rheological 
properties are directly proportional to molecular weight. Controlled molecular weight 
and molecular weight distribution in the polymer synthesis is an important factor 
which needs to be explore for this type of reaction. The solution polymerization 
reaction adapted in this research proved to have some advantages in which the 
exothermic reaction is easily control led, but high viscosity prevents the reaction from 
reaching a ful l  conversion. To overcome the viscosity problem, a much diluted 
solution should be used and this may only produce a l imited amount of polymer ( low 
scale). Gel process is the alterative to solution polymerization. It is widely accepted 
and favoured by industry because of the economic advantages in producing large­
scale polymer without the need for removing the solvent from the polymer. Gel 
process should be explored in future work using minimum amount of solvent. Also to 
examined i f  high molecular weight sample can be achieved in this process knowing 
that the high viscosity resulted from gel process wil l  be another problem to deal with. 
Careful  reactor design and polymerization process control are the main parameters 
which detem1ine a successful outcome to gel process. 
Large-scale synthesis ( 1 0-20 kg) is a must if the polymer needs to be tested in 
the field. Upon the initial results of this research, the polyarylamide prepared in this 
research has a comparable physical, chemical, thermal, and rheological property to 
that of the commercial ones. The future research would be concentrate on using this 
polymer in field trai l  or at least to test it on specially designed set-up to mimic oil 
production wel l to determine the efficiency of oil recovery procedure. 
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Computer simulation can help in determine factors that influence the qual ity 
and quantity of oil recovery and estimated the process conditions. Several studies 
were carried out using computer modell ing and simulation for various rocks and 
porous medium and this may help in gathering more knowledge and understanding on 
the subject. 
Finally it would be of great scientific interest to explore the possibi l i ty of 
incorporating a surfactant into a polyacrylamide matrix to study the interaction 
between them and examined the efficient displacement of tertiary oil by improving 
slug integrity, adsorption mobil i ty control and rheology of the surfactant- polymer 
mixture. 
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APPEN DIX 
M olecular  Weight mea urement using a viscometer 
Date ' 1 0/ 1 1 /2002 
Sample I D : PAA I  
Water 300 
oh'ent : ml SOS : one 
I n it iator : 0.2 gm AA : 34 gm 
Conversion : 80 Wt% Time 1 br  
To = 85 
Average 
Concentration Time Time Viscosity Viscosity/Cone 
(seconds) (seconds) (ml/g) 
5 .00E-O l 1 039 1 038 .25 1 1 .2 1 470588 22.4294 1 1 76 
1 030 
1 043 
1 04 1  
2 .50E-O I 359 358.25 3 . 2 1 4705882 1 2 .85882353 
358 
358 
358 
1 .25E-0 I 1 8 1  1 90 .5 1 .24 1 1 7647 1 9.9294 1 1 765 
1 86 
200 
1 95 
6.25E-02 1 32 1 32 0. 55294 1 1 76 8.847058824 
1 32 
1 32 
1 32 
Conc vlscosity/conc K (ml/g) = 6.3 1 E-03 
0.5 22.4294 1 1 76 N =  6.3 1  E+03 * M v"O.8 
0.25 1 2. 85882353 My1\0.8 = 967.2058722 
0. 1 2 5  9.9294 1 1 765 Slope= 3 1 .6292583 1 
Intercept (ml/g) 
0.0625 8.847058824 = 6. 1 03 
M v  (glmol) = 5.394E+03 
2 5  
2 3  Y � 3 1 . 6 2 9 x  + 6 .  I 0 3  I 
R2 � 0 . 9 8 0 9  • 
2 1  
� 
� 1 9  fJ 
IS 1 7  "-
f I S  M v  (g/rno J) =5.394E+03 
.l! 1 3  • � 
1 1  
9 • 
7 
I 0 . 0 1 0 . 1 1  0 . 2 1 0 . 3 1 0 . 4 1 0 . 5 1 Cone . ,  (gldJ) 
I I I  
M olecular  Weight mea urement using a viscometer 
Date : 1 01 1 1 12002 
Sample I D  : PAA2 
Water 400 
olvent : ml 50S : None 
I n it iator : 0.05 gm AA : ] 0.3 gm 
Conversion : 79 Wt% Time 3 hr  
To = 85 
Average 
Concen tration Time Time Viscosity Viscosity/Cone 
(seconds) (seconds) (mJ/g) 
5 .00E-O I 583 583 .75 5 .867647059 1 1 .735294 1 2  
588  
5 84 
580 
2 50E-0 1 244 245 .25 1 . 885294 1 1 8  7 .54 1 1 7647 1  
246 
247 
244 
l .25E-0 I 1 49 1 48 .5  0.747058824 5 .976470588 
148 
148  
1 49 
6.25E-02 1 1 3 1 1 3 0.3294 1 1 765 5 .270588235 
1 1 3  
1 1 3 
1 1 3 
Cone viscosity/cone K (ml/g) = 6.3 I E-03 
0.5 1 1 . 735294 1 2  N =  6.3 1 E+03 *Mv"O.8 
0.25 7.54 1 1 764 7 1  Mv"0.8 = 655 . 1 935 1 82 
0. 1 25 5 .976470588 S lope= 1 4.9 1 887468 
[ntercept (ml/g) 
0.0625 5 .270588235 = 4. 1 34 
M v  (g/mol) = 4.546E+03 
I 1 3  1 2  Y � 1 4 . 9 1 9 x + 4 . 1 3 4 3  R 2  � 0 . 9 9 3 4  • 
I I  ::5ll � 1 0  
� 9 ..... 
J Mv (g/mol) = 4.S46E+03 8 • 
.B 7 
� 
6 
• 
5 
4 
0 . 0 1  0 . 1 1  0 . 2 1 0 . 3 1 0 . 4 1 0 . 5 1 
Cone . ,  (gldl) 
1 1 2 
M olecular "Veight mea u rement using a vi cometer 
Date . 1 3/0 1 /2003 
Sample 1 0 : PAA3 
Water 400 
01 ent : ml SDS : None 
I n it iator : 0.2 gm AA : 23.2 gm 
Con_version : 84 Wt% Time 1 .5 h r  
To = 85 
Average 
Concent ration Time Time Viscosity Viscosity/Conc 
(seconds) (seconds) (mUg) 
5 .00E-O l 1 5 1 . 85 1 52. 1 575 0.790088235 1 . 5 80 1 7647 1  
1 5 2.25 
1 5 3  
1 5 1 . 53 
2.50E-0 1 1 1 3 . 5  1 1 3 .38 0.333882353 1 . 3355294 1 2  
1 1 3 .32 
1 1 3 .32 
1 1 3.38 
1 .25E-0 1 98.4 98.545 0. 1 5935294 1 1 .274823529 
99 
98.4 
98 .38 
6.25E-02 9 1 .37 9 1 . 305 0.074 1 7647 1  1 . 1 86823529 
9 1 . 38  
9 1 . 1  
9 1 . 3 7  
Cone viscosity/cone K (ml/g) = 6.3 1 E-03 
0.5 1 .5 80 1 7647 1  N =  6.3 1 E-03 * M V"O.8 
0.25 1 .3355294 1 2  Mv"0.8 = 1 80.9067732 
0. 1 25 1 .274823529 Slope= 0.865350384 
Intercept (ml/g) 
0.0625 1 . 1 86823529 = 1 . 1 42 
Mv (g/mol) = 6.635E+02 
I 2 Y = 0.8654x + 1 . 1 4 1 5  
R' = 0.9854 
1 . 8 
:eb 
� 
s.i 
t9 1 . 6 
.... 
0 � 1 .4 
.g • 
� • Mv (g/rnol) =6.6350E+{)2 
1 .2 
1 
0 0 . 1 0 .2 0.3 0.4 0 .5 0.6 
Cone . ,  (g/dl) 
1 1 3 
Molecular  "'eight mea urement using a viscometer 
Date ' 1 3/0 1 /2003 
Sample l D : PAA4 
olvent : Water 400 ml SDS : None 
I n itiator : 0. 222 gm Am : 1 90.397 gm 
Conver ion : 80 Wt% Time I hr  
To = 80 
Concent ration Time A verage Time Viscosity Viscosity/Conc 
(seconds) (seconds) (mIlg) 
5 .00E-O J 8 1 5  8 1 5  9. 1 875 1 8.375 
8 1 5  
8 1 5  
8 1 5  
2.50E-O l 25 1 25 1 2. 1 375 8 .55 
25 1 
25 1 
25 1 
1 .25E-0 I 1 67.9 1 67.9 1 .09875 8.79 
1 67.9 
1 67.9 
1 67.9 
6.25 E-02 1 20 1 20 0.5 8 
1 20 
1 20 
1 20 
Cone viscosity/cone K (mllg) = 6,3 1 E-03 
0.5 1 8 ,375 N =  6.3 1 E-03 *Mv"0,8 
0.25 8.55 Mv"0.8 = 846.24 1 3009 
0, 1 25 8 .79 Slope= 23.84626087 
0.0625 8 Intercept (mlfg) = 5 ,340 
M" (g/mol) = 4.S64E+03 
1 8  
• 
Y = 23 .846x + 5 .3398 
-;0 
1 6  
R2 = 0.86 ::::, 
� 
oj c: 
14  0 M v (g/moJ) =4.564E+03 u 
--
C Vi 1 2  0 u 
. �  
> 
u 1 0  c 
u '" • 0. • en 
8 • 
6 
0 0. 1 0 ,2  0 ,3  0 .4 0 ,5  0.6 
Cone " (g/ dI) 
1 1 4 
M olecular  \Veight measurement using a viscometer 
Dale : 1 3/0 1 12003 
Sample 1D : PAA5 
Solvent : Water 300 ml SDS : None 
I n itiator : 0.0 1 047 gm Am : 68.748 gm 
Com ersion : 92 Wt% Time 3 h r  
To = 80 
Concentration Time A verage Time Viscosity Viscosity/Conc 
(seconds) (seconds) ( rnI/g) 
5 .00E-0 I 4055 3 1 42.25 38.278 1 25 76.55625 
4054 
4055 
405 
2.50E-0 1 803.97 803.955 9.0494375 36. 1 9775 
803.9 
803.97 
803.98 
1 .25 E-0 1 292.9 1 292.9275 2.66 1 59375 2 1 .29275 
293 
292.9 
292.9 
6.25E-02 1 67. 1 .1 67. 1 1 .08875 1 7 .42 
1 67. 1 
1 67. 1 
1 67. 1 
Conc vlscosity/conc K (ml/g) = 6.3 1 E-03 
0.5 76.55625 N =  6.3 1 E-03 *Mv"O.8 
0.25 36. 1 9775 Mv"0.8 = 848.86 1 3657 
0. 1 25 2 1 .29275 Slope= 1 38 .7 1  092 1 7  
0.0625 1 7 .42 I ntercept (ml/g) = 5 .356 
M v  (g/mol) = 4.S82 E+03 
90 
80 Y = 1 3 8.7 1 x + 5 .3 563 R2 = 0.9856 • 
� 70 2-
J 60 8 
--
0 5 0  
§ '" .;;; 40 C) • Mv (g/mol) =4.582E+03 <.:: 
'§' til 30 
20 
• 
1 0  
0 0. 1 0.2 0.3  0 4  0.5 O.f 
Cone . ,  (gldl) 
l l 5 
Molecu lar Weight measurement using a viscometer 
Date · 1 3/0 1 /2003 
Sample J D . PAA6 
Solvent : Water 300 ml SOS : None 
I n itiator : 0.05 1 02 gm AA : 57. 1 48 gm 
Conversion : 89 Wt% Time 2 h r  
To = 80 
Concentration Time Average Time Viscosity Viscosity/Conc 
(seconds) (seconds) (mUg) 
1 .00E+00 4758 4768.5 58 .60625 58.60625 
4800 
4758 
4758 
2.50E-0 1 765 .57 765 .6775 8.57096875 34.283875 
766 
765.56 
765 .58  
1 . 25 E-O l 3 1 7.72 3 1 7.7775 2.9722 1 875 23.77775 
3 1 8  
3 1 7.69 
3 1 7. 7  
6.25E-02 1 60.2 1 60. 1 5  1 .00 1 875 1 6.03 
1 60 
1 60.2 
1 60.2 
Cone viscosity/cone K (mUg) = 6.3 1 E-03 
6.3 I E-
58 .60625 N =  03 *Mv"0.8 
0.25 34.283875 Mv"0.8 = 2894. 1 1 7234 
0. 1 25 23 .77775 4 1 .49589983 
0.0625 1 6.03 1 8 .262 
2. 1 23E+04 
60 
y = 4 1  .496x + 1 8 .262 
� 5 0  R '  = 0 . 9 4 5  :s. 
�. 0 Mv (g/mo\) =2. 1 230E+04 
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M olecular  Weight measurement using a viscometer 
Date : 1 3/0 1 12003 
Sample I D  : PAA7 
Sol ent : Water 300 ml SDS : None 
I n it iator : 0.008 gm AA : 40.0035 gm 
Conversion : 9 1  Wt% Time 4 h r  
To = 80 
Concentration Time Average Time Viscosity V iscosity/Conc 
(seconds) (seconds} (ml/g) 
1 .00E+00 6680 6679.75 82.496875 82.496875 
6679 
6680 
6680 
2.50E-0 1 982.34 982.3225 1 1 . 27903 1 25 45. 1 1 6 1 25 
982.35 
982.3 
982.3 
1 .25 E-O l 409 408.25 4 . 1 03 1 25 32.825 
408 
408 
408 
6.25E-02 209.29 209.29 1 .6 1 6 1 25 25 .858 
209.3 
209.28 
209.29 
Conc viSCOSity/cone K (ml/g) = 6.3 1 E-03 
6.3 1 E-
1 82.496875 N = 03 *MV"O.8 
0.25 45 . 1 1 6 1 25 MyAO.8 = 4 1 02.86452 1 
0. 1 2 5  32. 825 Slope= 57.55805 1 8 1  
0.0625 25 .858 Intercept (ml/g) = 25.889 
Mv (g/mol) = 3.284E+04 
1 00 
90 Y = 5 7 . 5 5 8 x  + 2 5 . 8 8 9  
R2 = 0 . 9 8 04 
:ell 80 
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0 
' § 5 0  <I) 
> • 
u 40 "" 
l 3 0  
• 
2 0  
1 0  
0 0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0.6 0.7 0.8 0 . 9  I 1 . 1  I .  
Cone . ,  (g/dl) 
1 1 7 
M olecular  Weight measurement using a viscometer 
Date . 1 3/0 1 12003 
Sample 10 : PAA8 
olvent : Water 300 ml SDS : None 
I n it iator : 0.00 197  gm Am : 57. 1 48 2  gm 
Conversion : 92 Wt% Time 3 h r  
To = 80 
Concentration Time A verage Time Viscosity Viscosity/Cone 
(seconds) (seconds) (ml/g) 
5 .00E-O l 1 700.27 1 700.27 20.253375 40.50675 
1 700.28 
1 700.26 
1 700.27 
2.50E-0 1 859.53 859.525 9.7440625 38 .97625 
859.52 
859.53 
859.52 
l .25 E-O l 392.69 392.6875 3.90859375 3 1 .26875 
392.69 
392.68 
392.69 
6.25E-02 1 89.72 1 89 .7 1 75 1 . 37 1 46875 2 1 .9435 
1 89.72 
1 89.7 1  
1 89.72 
Cone viscosity/cone K (ml/g) = 6.3 1 E-03 
6.3 1 E-
0.5 40.50675 N =  03 *MV"O.8 
0.25 38 .97625 Mv"0.8 = 3875.83029 
0. 1 25 3 1 .26875 Slope= 37. 1 93 9 1 304 
0.0625 2 1 .9435 I ntercept (ml/g) = 24.456 
Mv (g/mol) = 3.058E+04 
5 0  
y � 3 7 . 1 94x + 24 . 4 5 6  
4 5  R '  � 0 .7 1 5 3 
'03 40 • � • 
g 3 5  
..... 
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M olecular  Weight measurement using a viscometer 
Date . 1 0/ 1 1 12003 
Sample I D . PAA9 
Solvent : Water 300 ml SDS : None 
I n it iator : 0.007395 g AA : 34.374g 
Conversion : 96 Wt% Time 4 h r  
To = 80 
Concentration Time A verage Time Viscosity Viscosity/Cone 
(seconds) (seconds) (mUg) 
2.50E-O I 833.5 833 .46 9 .4 1 825 3 .77E+0 1 
833.4 
833 .47 
833 .47 
1 .25E-0 1 3 1 5 .78 3 1 5 .7875 2.94734375 2.36E+0 1 
3 1 5. 8  
3 1 5 .78 
3 1 5 .79 
6.25E-02 1 78 .62 1 78.62 1 .23275 9.862 
1 78 .63 
1 78 . 6 1  
1 78 .62 
3 . 1 3 E-02 1 3 1 .3 1  1 3 1 .3 1  0.64 1 375 1 0.262 
1 3 1 .32 
1 3 1 .3 
1 3 1 .3 1  
Cone viscosity/cone K (ml/g) = 6.3 1 E-03 
6.3 I E-
2.50E-0 I 37.673 N =  03 *Mv"O.8 
1 .25E-0 1 23.57875 Mv"0.8 = 732 .67243 1 6  
6.25E-02 9.862 Slope= 1 34 . 1 506087 
3 .  1 3E-02 1 0.262 Intercept (ml/g) = 4.623 
My (g/mo\) = 3.8 J 2 E+03 
I 
3 9  
Y = 1 3 4 . 1 5 x + 4.62 3 2  
3 5  R2 = 0.9674 
1f 3 1  :3-
� 2 7  M v  (g/rnol) =3. 8 1 2E+03 -... 
0 • 
� 2 3  
1 9  u 0:: 
1 1 5  
I I  • • 
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M olecular  Weight mea urement using a viscometer 
Date 22/071200 I 
Sample 1 0 : COPAA 5-4A 
Solvent : Water 500 ml SDS : 20.0 gm 
I nHiator : 0. 1 0gm AA : 1 6.9 gm 
Conversion : 86 Wt% VN :  2.5 gm 
Time 4h30 
To = 1 8 1 . 303 
Concentrati on Time A verage Time Viscosity Viscosity/Cone 
(seconds) (seconds) (mUg) 
2.00E-03 455.5 455.295 1 .5 1 1 238093 755 .6 1 90466 
455.5 
455 .09 
455 .09 
1 . 50E-03 372.56 3 7 1 .885 1 .05 1 1 795 1 7  700.7863448 
372.56 
37 1 .2 1  
3 7 1 . 2 1  
1 .00E-03 297. 1 2  297.785 0.64247 1 443 642.4 7 1 4428 
297. 1 2  
298.45 
298.45 
7.5 1 E-04 264. 1 264.2 0.457229059 608.8269754 
264. 1 
264 .3  
264.3 
0.0005003 235 . 1 7  233.53 0.28806473 1 575.7839924 
235 . 1 7  
23 1 . 89 
23 1 . 89 
Cone I viscosity/cone K (ml/g) = 1 .00E-02 
1 .0E-
2.00E-03 755 .6 1 90466 N =  02 *M"0.755 
0.00 1 5  700.7863448 M"0.755 = 5 1 909.439 1 1  
1 .00E-03 642.47 1 4428 Slope= 1 1 9627.8835 
7 .5 1 E-04 608.8269754 Intercept (ml/g) = 5 1 9.094 
0.0005003 575.7839924 1\1 (glmol) = 1 .759E+06 
800 
� 
Y = l l 96 2 8 x  + 5 1 9 .0 9  
7 5 0  R' = 0 . 9 9 8 2  
� 700 
J 6 5 0  
1 
M v  (g/rn:> 1) = 1 .759E+06 
600 
5 5 0  
4 .00E- 6 .00E- 8 .00E- 1 . 00E- 1 . 2 0 E - 1 . 4 0 E- 1 .6 0 E - 1 . 8 0 E - 2 .00E- 2 . 20E-
04 04 04 03 03 0 3  03 03 03 03 
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